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Abstract
& Key message Decreasing stand density increases resistance, resilience, and recovery of Quercus petraea trees to severe
drought (2003), particularly on dry sites, and the effect was independent of tree social status.
& Context Controlling competition is an advocated strategy to modulate the response of trees to predicted changes in climate.
& Aims We investigated the effects of stand density (low, medium, high; relative density index 0.20, 0.53, 1.04), social status
(dominant, codominant, suppressed), and water balance (dry, mesic, wet; summer water balance − 182, − 126, − 96 mm) on the
climate-growth relationships (1997–2012) and resistance (Rt), resilience (Rs), and recovery (Rc) following the 2003 drought.
& Methods Basal area increments were collected by coring (269 trees) in young stands (28 ± 7.5 years in 2012) of sessile oak
(Quercus petraea) in a French permanent network of silvicultural plots.
& Results We showed that the climate-growth relationships depend on average site-level water balance with trees highly depen-
dent on spring and summer droughts on dry and mesic sites and not at all on wet sites. Neither stand density nor social status
modulated mean response to climate. Decreasing stand density increased Rt, Rs, and Rc particularly on dry sites. The effect was
independent of tree social position within the stand.
& Conclusion Reducing stand density mitigates more the effect of extreme drought events on drier sites than on wet sites.

Keywords Resistance . Resilience . Drought . Stand density .Quercus petraea . Silvicultural network

1 Introduction

In the next decades, climate warming is expected to increase
leading to more frequent heatwave and drought events
(Jentsch and Beierkuhnlein 2008; Schar et al. 2004; Sterl
et al. 2008). As in forest stand, soil water is one of the main
resource that trees must share (Granier et al. 1999); progres-
sive or abrupt changes in soil constraints can trigger important
tree dysfunctions (Allen et al. 2010; Gustafson and Sturtevant
2013; Neumann et al. 2017) and play a major role in shaping
forest ecosystems (Ruiz-Benito et al. 2017).

For tree species, radial growth is commonly used as an
indicator of vigor (Cailleret et al. 2016) and tree-ring analyses
allow quantifying the impact of direct or delayed climate
events on trees (Bréda et al. 2006; Gutschick and BassiriRad
2003). The tree response to a stressful event can be analyzed
through different indices highlighting the direct and lag effects
of the disturbance: resistance (Rt), recovery (Rc), and resil-
ience (Rs) (Gunderson 2000; Lloret et al. 2012; Lloret et al.
2011; Pretzsch et al. 2013; Trouvé et al. 2016). In the case of
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the radial growth, Rt describes the degree to which the growth
is changed during the disturbance. Rc and Rs describe the
tree’s ability to get its growth back and to fully recover its
pre-disturbance growth level after the disturbance event.

Reports of the thinning effect on tree growth cover numer-
ous species across wide geographical ranges (Sohn et al.
2016). In the short and medium terms (1~10 years), thinning
promotes the growth of remaining trees, the increase being
positively correlated with thinning intensity. The underlying
ecophysiological mechanisms of the thinning effects are var-
ied and usually complex to study. Decreasing density mod-
ifies the microclimate within the stand: light, temperature,
water, and wind (Aussenac 2000). It leads to important chang-
es in tree functioning (photosynthesis, transpiration) which
modifies carbon allocation and thus growth, form, and size
of the remaining trees (Trouvé et al. 2015). It is largely ac-
cepted that decreasing density increases soil water availability
(Aussenac and Granier 1988; Bréda et al. 1995) at least in the
medium term before the tree or understorey canopy has
closed. Thus, decreasing competition may modulate tree-
ring growth-climate relationships by changing both the
strength and the nature of the climatic drivers (Lebourgeois
et al. 2014). Indeed, as reducing competition improves the soil
water availability (Bréda et al. 1995), the amount of water
shareable for the remaining trees increases leading to a de-
creased competition for this resource and thus a lower re-
sponse to drought (Bréda et al. 2006). Consequently, low-
density stands are expected to have lower correlations with
precipitation and water balance than high-density stands. At
the tree level within stands, a common hypothesis is that sup-
pressed trees (i.e., trees with a lower relative tree size) are
growing close to their lower survival threshold. They have a
low ability to acquire extra resources and low growth potential
(Bréda et al. 1995), decreasing their capacity to respond to
water availability (weak climate response) (Lebourgeois
et al. 2014). On the other hand, dominant trees (i.e., trees with
a higher relative tree size) are seldom limited by light avail-
ability (Sánchez-Salgueroa et al. 2015) and have faster growth
rates but may also be more vulnerable to variation in climatic
conditions than suppressed individuals.

Decreasing competition within stand has been widely ad-
vocated as a strategy to cope with predicted changes in climate
(D’Amato et al. 2011; Lindner et al. 2010) and to enhance Rt,
Rc, and Rs to drought (Sohn et al. 2016). However, several
recently published studies revealed complex interactions
among many factors leading to an important variation of Rt,
Rc, and Rs with (1) the extreme drought considered, (2) the
thinning intensity, (3) the time span between the thinning and
the drought, and (4) the soil water holding capacity of the site.
Stronger thinning improved Rt and Rs in Picea abies stands in
Germany (Kohler et al. 2010; Sohn et al. 2013) and in the
Belgium Ardennes (Misson et al. 2003a, b), particularly on
wet sites. Opposite results have been observed in northern

Virginia broadleaved forest ecosystems (Orwig and Abrams
1997) and in French sessile oak stands (Trouvé et al. 2016),
with a lower Rs on wet sites. The response to extreme events
can also vary according to tree social status. Thus, some stud-
ies reported a higher Rt and Rs of dominant trees (Martin-
Benito et al. 2008; Pichler and Oberhuber 2007; Trouvé
et al. 2016; Vose and Swank 1994), whereas others showed
the opposite (Liu and Muller 1993). Similar various results
have been observed with tree size (Martinez-Vilalta et al.
2012; Mérian and Lebourgeois 2011a, b; Zang et al. 2012).
Concerning age, young trees appeared also more resistant and
resilient to disturbance than older ones (D’Amato et al. 2013).
Lastly, a close interaction between social status and site water
balance has also been observed (Orwig and Abrams 1997;
Trouvé et al. 2016).

Long-term silvicultural experiment networks are crucial to
test and quantify the effect of stand density on tree response to
disturbance and to build growth models adapted to new forestry
practices (D’Amato et al. 2011; Pretzsch et al. 2019; Seynave
et al. 2018; Trouvé et al. 2019). As the response to drought has
been shown to vary with locally adapted ecotypes (Saenz-
Romero et al. 2017), the experiments should cover large spatial
scales and contrasted site water balance, as determined by local
climate and soil characteristics (Seynave et al. 2018).

In the present study, we explored the effects of stand density,
social status, and water balance on the tree growth response of
Quercus petraea Liebl. (sessile oak) stands to climate. We seek
to highlight how these factors influenced both the response to
climate through bootstrapped correlation analyses and the re-
sponse to severe drought (i.e., 2003) through the analysis of
resistance, resilience, and recovery. We based our study on ses-
sile oak as one of the major broadleaved species in Europe
(Saenz-Romero et al. 2017) and the second broadleaved tree
species in France in terms of growing stock with 281 Mm3.
We used tree-ring data sampled in the sessile oak GIS Coop
network. This network consists of young trees (~ 10 to 40 years).
It covers a maximum range of relative stand density, ranging
from self-thinning stands (high density) to an absence of com-
petition among trees (low density, called open growth) and a
wide range of site water balance conditions (wet, mesic, and dry
sites) (Seynave et al. 2018; Trouvé et al. 2019). For the extreme
event, we focused our attention on 2003 which was one of the
most severe drought in Europe in recent decades (Bréda et al.
2006; Rebetez et al. 2006). For each of the 269 sampled trees,
we investigated the resistance during the 2003 drought year and
the recovery and resilience three years after the drought (Lloret
et al. 2011; Pretzsch et al. 2013).

The present work follows the previously published study of
Trouvé et al. (2016) led from data collected in even-aged
sessile oak stands (~ 100 years) in another long-term experi-
mental network. While the work of Trouvé et al. (2016) clear-
ly showed the importance to decrease stand density to cope
with extreme climatic events and the interactions with local
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ecological conditions, it only covered a limited relative densi-
ty gradient (RDI) (Reineke 1933) from 0.5 to 1. However,
recent thinning prescriptions suggested by foresters to cope
with environmental changes cover RDI values well below
0.5. Yet, the effect of these thinning prescriptions on drought
resistance and resilience has not been thoroughly tested. There
is thus a need to quantify whether growing trees at densities
lower than currently practiced (RDI largely below 0.5) will
further improve tree resistance and resilience to droughts. A
better understanding of the response at an earlier development
stage is also crucial to improve forest management practice
and mitigate the impact of climate change on our forests. By
contrast with the previous study (Trouvé et al. 2016), our
present study will focus on the 2003 drought, which is one
of the main recent droughts in Europe. Many authors have
suggested that the exceptional summer conditions of 2003will
be considered “normal” summer conditions in future years.

Thus, to give new insights on the importance to sharply
decrease stand density (RDI largely below 0.5) for young trees
(< 40 years) to better cope with an extreme drought year, we
performed a new analysis from the GIS Coop network. The
hypotheses tested were as follows: (1) trees grown in drier sites
respond differently to climate (higher sensitivity or different
climatic drivers) and have lower Rt, Rc, and Rs than trees
grown in moister sites, as they experience higher summer soil
water deficit during the drought; (2) trees grown at greater stand
density level respond differently to climate (higher sensitivity or
different climatic drivers) and have a lower Rt, Rc, and Rs than
trees grown at a lower-density level; (3) suppressed trees have a
higher sensitivity to climate and a lower Rt, Rc, and Rs than
dominant trees; and (4) the effect of a low stand density on tree
response to drought increases in drier sites.

2 Material and methods

2.1 Study area and experimental design

The data originated from the long-term GIS Coop sessile oak
experimental network (Seynave et al. 2018; Trouvé et al.
2019). The sites are located in the plains of Northern France
(Table 1). The “Parroy” site had a semi-continental climate
and defined the “wet” site of the experimental design.
Grosbois and Réno-Valdieu sites had an altered oceanic cli-
mate with “mesic” conditions and the Montrichard site
corresponded to a “dry” site. Wet, mesic, and dry conditions
corresponded to the three water balance classes used as strat-
ification factor (hereafter, named HBc). As commonly prac-
ticed for even-aged forestry in France, stands were naturally
regenerated. Each site contained from 2 to 3 experimental
plots (0.36 ha) with young trees (28 ± 7.5 years in 2012) that
were subject to contrasted density treatments (Tables 1 and 2).
Since the start of the experiment (1995 to 1997 depending on

the experimental design), the stands have been thinned many
times (Table 1). Stand thinning was triggered whenever the
relative stand density of the plot was above the target RDI-age
trajectories (Annex 1). The thinning was always done before
the start of the growing season and from below: smaller than
average trees were removed during thinning. The type of thin-
ning is usually quantified by the k factor, computed as the ratio
between dg of thinned trees to dg before thinning (Trouvé
et al. 2019). It is equal to 0.91 in our data (Annex 1).

2.2 Climatic data and water balance modeling

Climatic data were obtained for each site from the Safran spatial
climate model (Vidal et al. 2010).We extracted precipitation (P)
and temperature (T) data for the period 1997–2012 and thereaf-
ter, we calculated potential evapotranspiration (PET) and “cli-
matic” water balance (HB). PET was calculated using Turc’s
formula (Turc 1961) and HB as an index of remaining available
water once evaporation and transpiration have removed a part of
it coming from precipitation (HB = P − PET). We also used the
modeling method developed by (Thornthwaite and Mather
1955) to perform a soil water balance that has been successfully
used in many previous studies (Lebourgeois et al. 2013; Trouvé
et al. 2016). The soil water holding capacity for each site
(SWHC) was calculated thanks to the R package EUPTF
(Toth et al. 2015) based on textural properties, depth, and per-
centages of the coarse element of each soil horizon for a depth of
100 cm (Bergès and Balandier 2010). The main output of the
water balancemodelingwas the evaporation deficit (ED= actual
evapotranspiration − potential evapotranspiration). Vapor pres-
sure deficit (VPD) was also further calculated (Trouvé et al.
2015). As the climate was different depending on the sites, we
calculated water balance anomalies to compare summer drought
(cumulated values (in mm) of HB or ED for the period June
from August) over sites (Eqs. (1) and (2)).

HB anomalyyear i

¼ observed summer HByear i−mean summer HB 1997−2012ð Þ
summer HB standard deviation 1997−2012ð Þ

ð1Þ
ED anomalyyear i

¼ observed summer EDyear i−mean summer ED 1997−2012ð Þ
summer ED standard deviation 1997−2012ð Þ

ð2Þ

2.3 Stand variables and tree diameter rank

The relative density index (RDI, dimensionless) was used as a
stand density index for two main reasons. First, it was used to
define and apply density treatments in the GIS Coop plots
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(Seynave et al. 2018; Trouvé et al. 2019). Second, this index
does not depend on the stand age nor on the site fertility
(Reineke 1933). RDI describes the current density (N, in
stems/ha) relative to the threshold self-thinning density
(Nmax, in stems/ha) at the current quadratic mean diameter
(dg, in cm) and is used to express plot density on a relative
scale. RDI was calculated from (Le Goff et al. 2011) which is
calibrated for sessile oak in its production area in France (Eq.
(3)). The selected plots covered a range of RDI from 0 to 1.3.

RDI ¼ N
Nmax

¼ N � dg1:566

125:242
; using Nmax ¼ 125:242

dg1:566
ð3Þ

Six different density treatments have been applied: four con-
stant RDI over the tree lifetime (RDI ~ 0, 0.25, 0.5, and 1), one
increasing, and one decreasing RDI treatments (Table 1)
(Seynave et al. 2018). In the mesic site located in Grosbois,
the phase of RDI decreasing was progressive and began only
in 2008 (first thinning) and the RDI in 2012 was equal to 0.95
(Table 1 and Annex 1). In the same way, the RDI in the wet site
(Parroy) subject to an increasing RDI treatment was always low
(0.20) in 2012 (Table 1 and Annex 1). Decreasing and increas-
ing RDI treatments are henceforth merged with RDI ~ 0 and
RDI ~ 1 treatments, respectively. Finally, we defined three stand
density classes (hereafter named RDIc) corresponding to three
classes of RDI: low, medium, and high. They averaged respec-
tively 0.20, 0.53, and 1.04 (Table 1).

We used relative tree diameter rank (dimensionless) in 2012
as a proxy for individual tree social status within each plot
(Trouvé et al. 2016). For each plot, the diameter rank was com-
puted by first ranking trees by increasing size. This raw rank was
then divided by the number of trees of the plot. Diameter rank
was grouped into three social status categories (hereafter SSc):
treeswith diameter rank below 0.3 in 2012were considered to be
suppressed trees (S), trees with diameter rank between 0.3 and
0.6 were considered to be codominant trees (C), while trees with
diameter rank above 0.6 were considered to be dominant trees
(D). While this threshold avoids introducing any subjective se-
lection bias and objectively splits the population into three
(Table 2), care should be taken when interpreting the response
of social status categories among different stand density treat-
ments. Per our definition, the suppressed trees (diameter in the 0–
0.3 percentile range) in the high-density stands are typicallymore
“suppressed” than the suppressed trees in the medium- and low-
density stands (Annex 2). For this reason, we suggest focusing
not only on the effect of social status by itself but also on the
combination of social status and stand density classes (i.e., the
interaction term) when interpreting our results.

2.4 Annual tree growth and master chronologies

For each RDI treatment (0.20, 0.53, and 1.04), annual basal
area increments (BAIs) were calculated from increment cores

collected in 2012 (19 to 29 trees per treatment; total = 269
trees, one core per tree) evenly distributed along the diameter
distribution to represent each social status (Table 2). Ring
width chronologies were recorded using the LINTAB plat-
form. The individual series were measured at 0.01-mm reso-
lution and cross dated afterwards by progressively detecting
regional pointer years by using the R software POINTER
(Mérian 2012). We used the “dplR” package (Bunn 2008) to
compute the tree-ring series for the maximum period common
to all strata (1997–2012, 16 years) and standardized these ring
series individually to emphasize the inter-annual climatic sig-
nal. We chose 1997 as the beginning of the period as RDI
treatments in the GIS Coop network plots were not effective
before that year. For each tree, a double-detrending process,
based on an initial negative exponential or linear regression
followed by fitting of a cubic smoothing spline was applied
(Mérian 2012). Hereafter, a master chronology was built for
one single social status (D, C, and S) in a plot defined by its
RDIc (low, medium, and high) and HBc (wet, mesic, dry). A
total of 33 master chronologies were built in the same way
(Annex 3). They were used to explore the climate-tree growth
relationships over the whole period from 1997 to 2012
(Table 2).

Five statistics were calculated from the detrended series
(Biondi and Qeadan 2008): the mean sensitivity (MS), quan-
tifying the year-to-year variability; the first-order auto-corre-
lation coefficient (AC), expressing the influence of previous
year growth on current year growth; the mean inter-series
correlation coefficient (rbt) providing a synthetic quantitative
measure of inter-series heterogeneity among the series; and
the expressed population signal (EPS) and signal to noise ratio
(SNR), quantifying the degree to which the chronology
expressed the population chronology (Mérian and
Lebourgeois 2011a, b) (Table 2).

2.5 Response to the extreme drought 2003

As BAIs highly varied according to cambial age (Annex 4),
the 4298 raw BAIs have been standardized with the regional
curve standardization approach (Becker 1989) to remove age-
related signals in growth series before calculating Rt, Rc, and
Rs indices. Standardization is achieved by dividing the size of
each available ring by the value expected from its cambial age
(by fitting smoother functions) in a reference curve (Annex 4).
After detrending, the three indices have been calculated for
each trees (n = 269) (Eqs. (4), (5), and (6)) (Lloret et al. 2011;
Pretzsch et al. 2013). Dr corresponds to BAId (i.e., detrended
BAIs) for the 2003 drought. PreDr is the mean BAId for the 3
years preceding the drought (2000–2002). This period was
chosen to avoid including potential lag effects of the 1998
dry year. PostDr is the mean BAId for the 3 years following
the drought (2004–2006). This period was chosen to avoid
including the 2007 wet year.
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Resistance Rtð Þ ¼ Dr

PreDr
¼ BAId2003

BAId2000−2002
ð4Þ

Resilience Rsð Þ ¼ PostDr

PreDr
¼ BAId2004−2006

BAId2000−2002
ð5Þ

Recovery Rcð Þ ¼ PostDr

Dr
¼ BAId2004−2006

BAId2003
ð6Þ

For Rt, a value of 1 indicates no effect of drought and thus a
complete resistance. The further the value drops below 1, the
lower the resistance. For Rc, a value of 1 indicates persistence
of low growth after the drought. Decreasing Rc indicates a
growth decline and increased values (> 1) correspond to
growth recovery. For Rs, values higher than or equal to 1
correspond to a return at the initial growth level (i.e., level
before the stress). Values below 1 show persistence of slow
growth.

2.6 Statistical analyses

Climate-tree growth relationships were investigated from the
period 1997–2012 through the calculation of bootstrapped
correlation functions using the 33 growth chronologies as de-
pendent variable (Guiot 1991; Mérian 2012; Zang and Biondi
2013) and a pool of monthly climatic regressors (P, T, HB,
VPD, and ED) organized from August of the previous grow-
ing season to September of the year in which the ring was
formed. The statistical significance of the coefficients was
assessed by calculating a 95% confidence level based on
1000 bootstrap resamples of the data.

To detect to which extent tree-ring statistics differed be-
tween the 33 chronologies, we performed a principal compo-
nent analysis (PCA) on tree-ring characteristics (matrix: rows,
33 chronologies; columns, 7 chronologies statistics values—
RW, age, MS, AC, rbt, EPS, SNR—and 2 climate conditions:
TJan and HBs) followed by hierarchical agglomerative clus-
tering (HAC) of the PCA components. Three qualitative var-
iables (HBc, RDIc, and SSc) were added to explain the spatial
structure. The (dis)similarity between chronologies was mea-
sured as the Euclidean distance and the hierarchy was com-
puted according to Ward’s method.

To identify the inter-strata variability of response to cli-
mate, we performed a second PCA analysis on the
bootstrapped regression coefficients. This latter PCA was
calculated—not from the correlation matrix—but from the
variance-covariance matrix as descriptors were of similar
scale. For both PCA, 95% confidence ellipses highlighting
potential groupings in the factorial maps according to qualita-
tive variables (HBc, RDIc, and SSc) were drawn. PCA anal-
yses were performed with the “FactoMineR” package (Lê and
Husson 2008).

To characterize the inter-strata variability of growth re-
sponse to the 2003 drought, we performed an analysis of

variance (ANOVA) followed by Tukey’s HSD tests. The
ANOVA was used to determine whether there was any statis-
tically significant difference in means of Rt, Rs, and Rc in the
three respective different levels of each qualitative class (HBc,
RDIc, and, SSc) (i.e., main effect) and to test for interactions
between these factors (i.e., interaction effect). The Tukey
HSD tests were used hereafter to highlight which groups dif-
fered from the others. Analyses were performed using R ver-
sion 3.4.4, the “aov” and “lm” functions from base R and the
“lsmeans” function from the “lsmeans” package (Lenth 2016).

3 Results

3.1 Climatic variability for the studied period

From 1997 to 2012, the summer water balance averaged − 96
(± 68), − 126 (± 60), and − 182 (± 49) mm for the wet, mesic,
and dry sites respectively (Table 1). The common driest years
were 2003 (mean value − 215 mm) and 1998 (− 210 mm). On
the other hand, 2007was a wet year (+ 11mm). The anomalies
confirmed the exceptional conditions in 1998, 2003, and 2007
(Fig. 1). The droughts in 1998 and 2003were on average ~ 1.5
times higher than normal conditions. The year 2007 was ~ 2
times wetter than the average climate. Here, even if 1998 was
a dry year, we excluded it for the analysis of Rt, Rs, and Rc as
this year was too close to the start of the application of the RDI
treatments (between 1995 and 1997 depending on the site).

The 3 years (2000–2001–2002) preceding the 2003
drought corresponded to rather humid years for all sites (pos-
itive anomalies) except for the wet site in 2002. For this site,
the year was already characterized by a slight drought relative
to mean conditions (Fig. 1). After the drought (2004–2005–
2006), the climate conditions returned rather than the normal
for the wet site but remained dry for the dry and mesic sites
(negative anomalies). For these sites, 2004 was rather than the
normal but 2005 and 2006 appeared worst. The year 2005 was
even worse than in 2003. The evolution of the cumulated
summer evaporation deficit and anomalies (EDs) showed sim-
ilar results (data not shown).

3.2 Radial growth and chronologies statistics

Radial growth was strongly affected by stand density and
social status (Table 2). Trees from medium-density stands
grew an average ~ 1.3 times faster than trees from dense
stands, while trees from low-density stands grew ~ 2.5 times
faster than trees from dense stands. Dominant trees grew re-
spectively ~ 1.5 and ~ 1.8 times faster than codominant and
suppressed trees. In the high-density stands, where the differ-
ence in growth between social statuses was maximum, dom-
inant trees grew ~ 1.7 and ~ 2.7 times faster than codominant
and suppressed trees, respectively. Lastly, the dry site had
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lower growth than the wet site, independently of the level of
competition (Table 2).

PCA and HAC performed on chronologies statistics clearly
classified wet, mesic, and dry stands in different clusters and
in a less extend low- and high-density treatments (Table 2 and
Annex 5). The effect of social status was no discriminant
(Annex 5). Finally, growth, MS, and Rbt were found lower
for dry sites and in a less extend in high-density stands
(Table 2 and Annex 5). This suggested that the strength of
the climate signal and the homogeneity of the response de-
creased with water constraints and competition.

3.3 Climate-growth relationships over the 1997–2012
period

PCA on bootstrapped correlation coefficients (BCC) evi-
denced a clear clustering according to HBc (Fig. 2b). On the
other hand, neither RDIc nor SSc modulated the climate-
growth relationships (Fig. 2 c and d). We found a positive
effect of warm winter (mean temperature in January or
February) common to all the clusters. For dry site, tree growth
varied also highly with spring (May and June) precipitation
(mean BCC with PMay and PJune = 0.654 and 0.281) (Fig.
2a). For mesic sites, trees responded positively to previous
autumn and current summer precipitation (mean BCC with
pPSeptember = 0.598; PJuly = 0.334; PAugust = 0.270).
Lastly, under the wettest site, the effect of precipitation during
the growing season appeared not significant, the growth de-
pending highly on previous autumn and current late winter
precipitation (mean BCC with pPSeptember = 0.588;
PMarch = 0.637) and early spring temperature (mean BCC
with TMay = 0.596) (Fig. 2a). Similar results have been ob-
served with the climatic regressors ED, HB, and VPD (data
not shown).

3.4 Immediate and delayed effects of the 2003
drought

Stand density and water balance both had significant effects
on the drought response with a clear interaction between both
factors (Table 3).

On wet site, Rt, Rs, and Rc were below one and below the
values observed on mesic and dry sites (Fig. 3) but the three
indices were lowest in high-density stands (means 0.65 vs 0.81)
(Fig. 3 and Table 4). Thus, under these conditions, the drought
effect was important and both Rs and Rc were incomplete.

On mesic sites, Rt, Rs, and Rc averaged systematically
higher for low-density stands and were above one suggesting
no drought effect (Fig. 3 and Table 4). No significant differ-
ence has been observed between high- and medium-density
stands which were both more affected by the drought than the
low-density stands (Rt values close to 1 and incomplete Rs
and Rc; values below 1).

On dry site, Rt, Rs, and Rc averaged higher for low-density
stands (Fig. 3 and Table 4). Values were above one suggesting
no drought effect and a complete Rs and Rc. After the
drought, medium-density stands also recovered (Rc values
above one) but not to their initial growth (Rs below 1).
Lastly, the maximum differences among the three stand den-
sities were observed on a dry site. Thus, trees from low-
density stands grew an average twice than trees from dense
stands after the drought (Rs and Rc ~ 1.20 vs 0.6) (Fig. 3).

For the social status, the differential responses between SSc
appeared not much significant (Tables 3 and 4 and Annex 6).
The only significant difference occurred under mesic sites
with lower Rs values for suppressed trees compared with
dominant and codominant ones and lower Rc values com-
pared with dominant trees (Table 4). Under the two other
water availability conditions, it appeared that all trees were
impacted irrespective of their social status (Annex 6).

Fig. 1 Summer water balance
(HBs) anomalies from 1997 to
2012 for each HBc (wet, mesic
and dry; mean values in mm in
parenthesis). The HBs was
calculated as the sum from June to
August (in mm). Negative values
correspond to conditions drier
than normal (wetter otherwise).
Wet, Parroy; mesic, mean for
Grosbois and Réno-Valdieu; dry,
Montrichard. See text for details
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Finally, we observed higher Rt, Rs, and Rc values for low-
density stands all the more that the conditions were dry. Only
trees growing under low competition pressure on the less fa-
vorable sites (dry and mesic) totally recovered their growth at
their initial level after the 2003 drought; the maximum range
of Rs and Rc values between RDIc having been observed for
the driest site (Fig. 3).

4 Discussion

4.1 Overall climatic response pattern

As observed in previous studies, tree-ring characteristics of
sessile oak changed with site water availability (Becker et al.
1996; Bergès et al. 2008; Lévy et al. 1992; Timbal and
Aussenac 1996) and competition (Guilley et al. 1999; Zhang
et al. 1993). Generally, the growth, the year-to-year variability
(i.e., MS), and the homogeneity of the response to climate
within stand (i.e., Rbt, SNR) all decreased with increasing
local constraints (drier conditions, higher competition).

Concerning the year-to-year variability, our results agree with
the global observation for oak stands in northern France with
lower MS values under drier/warmer climate (Mérian et al.
2011). Our results are also consistent with the general climatic
pattern observed for this species: positive influence of high
precipitation during previous late summer, high winter tem-
perature, and high spring precipitation during the current year
(Friedrichs et al. 2009; Lebourgeois et al. 2004; Mérian et al.
2011). The underlying ecophysiological explanation of these
observations is now well documented. Previous late summer
conditions can improve carbon storage facilitating oak’s an-
nual growth (Barbaroux et al. 2003; Davi et al. 2009;
Guillemot et al. 2015; Michelot et al. 2012; Perez-de-Lis
et al. 2017). Higher winter temperature can modify cambial
functioning or leaf phenology (Delpierre et al. 2016) which in
return can change the timing and the level of growth in the
following growing season. Reduced embolism has also been
mentioned to explain the positive effect of warm winter tem-
perature on tree growth (Tyree and Cochard 1996). Lastly,
during the season, a good water supply modifies the phenol-
ogy of wood formation (Delpierre et al. 2016).

Fig. 2 Structuring of the 33 correlation functions. The analyses have been
performed on the significant BCC calculated from the common period
1997–2012. a Scatter plot of principal component analysis (PCA, dim 1
and 2) performed on the matrix (33 correlation functions * 24 climatic
variables) (here climatic variables). P and T, Precipitation and
Temperature; number of the month; p, previous month. b–d Scatter plot
of principal component analysis (PCA, dim 1 and 2 with the 95% ellipse

confidence) for the 33 correlation functions for each qualitative variables:
b HBc (dry, mesic, wet; r2 with dim 1 and dim 2 = 0.333 and 0.362, p
value = 0.002 and 0.001); c RDIc (high, medium, low); d SSc (dominant,
codominant, suppressed). A complete disjunction between the 95%
ellipse confidence means that the response to mean climate are different
between each modality of each qualitative variable. See text for details
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4.2 Effects of site water balance and stand density on
climate-growth relationships

We confirmed that trees grown in drier sites respond differ-
ently as climate-growth relationships highly changed from
wet (i.e., semi-continental climate) to dry sites (i.e., altered
oceanic climate). This pattern is in agreement with a previous
large-scale study performed in oak temperate forests and con-
firms that the year-to-year variability and the tree responses
are largely organized along the wide-scale climatic gradients
that change the climate drivers of tree ring (Mérian et al.
2011). It may also be the reflection of both high local adapt-
ability and high growth plasticity (Kremer and Petit 1993)
which would explain the interaction between sites and tree
response to year-to-year climate variability.

We rejected the hypothesis that stand competition modulates
the drivers of the year-to-year growth variations. Indeed, neither
stand density nor the social position of a tree within a stand
modified the climate drivers of oak growth: similar season and
comparable strength of the correlations. This result agrees with a
previous analysis performed in the even-aged sessile oak stands
(~ 100 years) used by Trouvé et al. (2016). Thus, for a dry site in
western France (summer water balance − 168 mm), similar cli-
matic drivers have been observed from 1960–2012 for medium-
and high-density stands (RDI 0.4 and 1) (i.e., a major role of
spring precipitation) (Schmitt 2017). The absence of stand den-
sity effect on the climate-growth relationships is still debated and

the literature on the subject remains contradictory with no effect
(Novak et al. 2010; Pérez-de-Lis et al. 2011) or lower sensitivity
to drought in lower-density stands (D’Amato et al. 2013;
Magruder et al. 2013; Martin-Benito et al. 2010; Martin-
Benito et al. 2011). On the other hand, the study of Gea-
Izquierdo et al. (2009) led in Quercus ilex showed that high-
density stands responded to similar climatic factors as low-
density stands, but their response was generally weaker.
Concerning the social status, results appeared also highly
contrasted with a stronger climatic effect on dominant trees
(Olivar et al. 2012; Sánchez-Salgueroa et al. 2015), no clear
difference between social classes (Meyer and Bräker 2001) or
differences depending on stand basal area (Lebourgeois et al.
2014). Similar various results have been observed for studies
dealing with tree size (i.e., raw diameter classes) (Castagneri
et al. 2012; Mérian and Lebourgeois 2011a, b; Zang et al.
2012). Lastly, all these studies show that it is difficult to draw
a common pattern of the effect of competition on the climate-
tree growth relationships.

4.3 Site water balance and stand density effects on
resistance, recovery, and resilience

We confirmed the hypothesis that trees growing at greater
stand density level have lower resistance, resilience, and re-
covery than trees undergoing lower competition. Indeed, we
observed higher Rt, Rs, and Rc values for low-density stands

Table 3 Results of the ANOVA
showing the direct and the
interaction effects of RDIc, HBc,
and SSc on the three indices of
growth response to drought
(resistance, resilience, and
recovery; n = 269 trees). The
Tukey multiple comparisons of
means. The number of *
corresponds to the p values (*, **,
and ***: 0.05, 0.01, and 0.001).
See text for details

Df Sum Sq Mean Sq F value Pr (> F)

Resistance (Rt) RDIc 2 2.005 1.0025 12.33 < 0.0000***

HBc 2 5.165 2.5826 31.765 < 0.0000***

SSc 2 0.133 0.0664 0.817 0.4429

RDIc:HBc 3 1.121 0.3737 4.596 0.0038**

RDIc:SSc 4 0.13 0.0325 0.4 0.8088

HBc:SSc 4 0.078 0.0195 0.24 0.9157

Residuals 251 20.407 0.0813

Resilience (Rs) RDIc 2 10.422 5.211 67.346 < 0.0000***

HBc 2 5.168 2.584 33.397 < 0.0000***

SSc 2 0.958 0.479 6.189 0.00238**

RDIc:HBc 3 1.5 0.5 6.464 0.00031***

RDIc:SSc 4 0.691 0.173 2.234 0.06592

HBc:SSc 4 0.641 0.16 2.072 0.08502

Residuals 251 19.422 0.077

Recovery (Rc) RDIc 2 4.91 2.4573 18.267 < 0.0000***

HBc 2 0.85 0.4225 3.141 < 0.0000**

SSc 2 1.14 0.5703 4.24 0.01546**

RDIc:HBc 3 2.85 0.9485 7.051 0.00014***

RDIc:SSc 4 0.84 0.2089 1.553 0.18743

HBc:SSc 4 0.72 0.1808 1.344 0.25414

Residuals 251 33.76 0.1345
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Fig. 3 Boxplot for resistance,
resilience, and recovery according
to HBc (dry, mesic, wet) and
stratified by RDIc (high, medium,
low). The open circle corresponds
to the mean value of the variable
for each modality and the dotted
line to the overall mean. Means
and p value are presented in
Table 4 (Tukey’s HSD tests)

Table 4 Results of the ANOVA for each HBc (dry, mesic, and wet)
showing the direct effects of RDIc (high, medium, and low) and SSc
(dominant, codominant, and suppressed) on the three indices of growth
response (values in italics) to drought (resistance, resilience, and

recovery; = 269 trees). The Tukey multiple comparisons of means. The
table gives p values (significant values in bold). See text for details and
Fig. 3 and Annex 6

DRY MESIC WET

Rt Rs Rc Rt Rs Rc Rt Rs Rc

RDIc H-M 0.1359 0.0153 0.0031 0.0968 0.1481 0.9888 - - -

H-L 0.0018 0.0001 0.0161 0.0052 < 0.0001 < 0.0001 0.0385 0.0003 0.0031

M-L < 0.0001 < 0.0001 0.9504 0.4672 < 0.0001 < 0.0001 - - -

H 0.904a 0.578a 0.649a 1.002a 0.814a 0.823a 0.714a 0.518a 0.725a

M 0.774a 0.821b 1.204b 1.135ab 0.926a 0.831a - - -

L 1.165b 1.303c 1.152b 1.214b 1.268b 1.105b 0.799b 0.723b 0.923b

SSc D-C 0.9956 0.5104 0.1997 0.8126 0.5221 0.7725 0.9921 0.9514 0.9198

D-S 0.9941 0.9868 0.5636 0.3648 0.0028 0.0173 0.9999 0.7597 0.6588

C-S 0.9795 0.6068 0.7588 0.7493 0.0698 0.1059 0.9936 0.9036 0.8659

The table gives p values (significant values in bold) and the different letters after the indices of growth response to drought (values in italic) indicate the
significant differences between the indices
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and all the more that the conditions were dry. Thus, the effect
of the drought was more marked on the “best” sites and the
pre-drought growth level was not fully recovered 3 years later
under these conditions. Thus, the strength of the lagged effect
of the drought increased with stand density and with the im-
provement of the ecological conditions.

Our results confirm that high competition between trees
appears to limit the ability of forest trees to cope with extreme
climate and that stand density control can ensure continuous
tree growth during stress and improve radial growth recovery
after an extreme climatic event (Kohler et al. 2010; Lloret et al.
2011; Misson et al. 2003a, b; Sohn et al. 2013; Sohn et al.
2012; Sohn et al. 2016). Here, the ability to cope with an
extreme drought is low for trees growing under the wettest
sites, and reducing stand density only slightly reduces the
negative effect of the drought on tree growth. In drier sites,
trees appear to be better able to resist to an extreme drought,
and reducing stand density can strongly increase tree’s ability
to recover after the stress. Close interactions between site wa-
ter balance and tree response to drought are often observed in
the literature: in old even-aged stands of sessile oak in France,
recovery after the severe drought of 1976 was found lower in
wetter than in drier sites (Trouvé et al. 2016). On the other
hand, resistance was found higher on wetter than in drier sites
for Picea abies in Germany (Kohler et al. 2010; Misson et al.,
2003a, b; Sohn et al. 2013; Sohn et al. 2012) and in
broadleaved forest ecosystems (Pinus virginiana ,
Liriodendron tulipifera, Quercus alba, Q. velutina, Carya
glabra, and Nyssa sylvatica) of northern Virginia (Orwig
and Abrams 1997).

The social status effect remains rather controversial
(Lebourgeois et al. 2014). Many studies showed a marked
effect of social status for oaks (Liu and Muller 1993; Trouvé
et al. 2016) or coniferous species (Martin-Benito et al. 2008;
Pichler and Oberhuber 2007; Van Den Brakel and Visser
1996; Vose and Swank 1994) whereas others underlined an
unclear or no effect (Merlin et al. 2015; Orwig and Abrams
1997; Zang et al. 2012). In our study, we showed no strong
difference among social statuses. To explain this unclear ef-
fect of tree social status, we can hypothesize that the tree
young age might partly offset the effect of social position.
Thus, we may expect an adjustment of the response over time
linked to tree development (rooting, tree-level water de-
mand…) and a more pronounced effect of social differentia-
tion in older trees (Trouvé et al. 2016).

4.4 Consequences for forest management

In our study, all stands have been subjected to an exceptional
summer water deficit during 2003. Nevertheless, the increase
in summer water deficit relative to mean site conditions was
higher in the wet sites and 2002 was also a relatively dry year
(Fig. 1). This may explain the lower Rt, Rs, and Rc of trees

growing in the wettest site conditions. Remarkably, although
the climate returned to the normal conditions on wet sites and
remained rather dry for the other stands (Fig. 1), trees in the
wetter site did not fully recover their pre-drought growth level
even 3 years after the stress. All these results also confirm the
findings of Trouvé et al. (2016) that tree response to an ex-
treme event is more closely related to the relative increase in
summer deficit (higher in the wet sites) than to absolute sum-
mer conditions (higher in the dry sites) and that drought in-
tensity should be defined in relation to average climatic con-
ditions. This also highlights the major role of acclimation and
adaptation of tree population to local climate (Saenz-Romero
et al. 2017). Drier sites are more likely to favor individual
acclimation and cross-generation adaptation of trees to
drought (Bréda and Badeau 2008) and trees growing onwetter
sites appear to be more vulnerable to drought events than drier
ones (Martin-Benito et al. 2008; Martinez-Vilalta et al. 2012;
Trouvé et al. 2016).

This finding suggests that the most important impact of
climate change on tree growth might appear in areas where
the oaks are less adapted or acclimated to dry conditions and
not at the southern margin of species distribution where trees
grow under more restrictive conditions. From a silviculture
point of view, reducing stand density attenuated slightly the
sensitivity to the climate without changing the climatic drivers
of tree growth but can efficiently improve drought resistance,
recovery, and resilience particularly in the drier sites. Here, we
experienced a wide and original range of RDIc and showed
that the stronger effects were obtained for the lower values.
Thus, our study confirms that heavy thinning is required to
maintain high growth before, during, and after drought events
(Sohn et al. 2016). As RDI values average around 0.5 in
French managed oak forests (Seynave et al. 2018; Trouvé
et al. 2019), new silvicultural prescriptions should be done
to reach a good state of “potential resistance, resilience, and
recovery to extreme events.” Even if low RDI values (< 0.5)
seem to be a better option to adapt forest management to
drought events, forest managers would have to deal with
changes in tree architecture and sprouts which might impact
the quality and the economic value of wood (Trouvé et al.
2014; Trouvé et al. 2015; Trouvé et al. 2019). As the tree
response to thinning may differ for recurrent droughts than
span many years, the long-term monitoring appears crucial
to clearly address the benefits of thinning for both sustainable
growth and timber quality.

5 Conclusion

Sessile oak tree’s response to mean climate and extreme
events depends mostly on site water balance. Stand density
did not change the climate drivers of tree growth but signifi-
cantly modulated the tree’s capacity to cope with extreme
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drought. The major impact of the silviculture is to increase
resistance, recovery, and resilience, particularly on drier sites.
The relative increase in the summer drought, which is often
lower in dry sites, seems to be more relevant than absolute
summer drought to determine drought intensity and severity.
Reducing stand density might help trees to cope with climate
change but lower densities than usual should be done (typi-
cally RDI < 0.5) if we want to reach sufficient levels of Rt, Rc,
and Rs to extreme events. Foresters must find the best com-
promise between increasing forest resistance to drought,
maintaining stand production, and reducing timber quality.
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Appendix

Annex 1

Thinning regimes and RDI trajectories for the GIS Coop net-
work. Our data originate from a long-term experimental net-
work in France belonging to the “Coopérative de données sur
la croissance des peuplements forestiers” (GIS Coop). GIS
Coop is a long-term national cooperative research venture
among French forest institutions specifically designed to ex-
plore the effect of large density gradients, from open-grown
trees to self-thinning stands on the forest dynamics of even-

Fig. 4 Theoretical (top) and observed (bottom) trajectories in the sessile
oak GIS Coop network. Colored bands dene the target RDI-age
trajectories, while the solid lines are an example of actual trajectories.
Two particular treatments stand out: the “increasing” treatment, which
starts at low RDI and increases with stand age and the “decreasing”

treatment which starts at RDI = 1 and decreases with stand age. Note
that the stands analyzed are still young (~ 30 years), and that for the
purpose of our analyses, the increasing treatments are similar to the
RDI = 0.25 treatments while the decreasing treatments are similar to the
RDI = 1 treatments (modified from Trouvé et al. 2019)
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aged stands across a range of environmental gradients. The
network has been thoroughly presented in a previous paper
published in AFS in 2018 (Seynave et al. 2018). Each trial
corresponds to a set of experimental plots (0.36 ha) of the
same age (~ 10 to 40 years), measured every 4 years, and
subjected to different thinning regimes defined through a rel-
ative density index scenario. Stand thinning was triggered at
the beginning of a period (after each measurement) whenever
the relative stand density of the plot was above the target
relative density defined in its thinning regime. Theoretical
and observed trajectories “RDI versus age” for the silvicultur-
al network are shown in Fig. 4, while observed trajectories
“RDI versus year” for the sites and plots that were used in
the paper are shown in Fig. 5.

Tree thinning in the experiment was done from below:
smaller than average trees were removed during thinning.
We can further quantify the type of thinning by the k factor,
computed as the ratio between Dg of thinned trees to Dg
before thinning. It is equal to 0.91 in our data (Fig. 6)

Annex 2

Relative diameter changes (%) for SSc according to stand den-
sity and water balance classes (RDIc and HBc). The level 100%
corresponds to the dominant (D) trees. C and S represent co-
dominant and suppressed trees. The mean (± std) diameter of D,
C, and S trees for each modality is presented in Table 2

Fig. 5 Examples of observed trajectories “RDI versus year” in the sessile oak GIS Coop network. The line represents the year 2003

Fig. 6 Characterization of the thinning type using the k factor defined by
the ratio between Dg of thinned trees and Dg before thinning. Here the
value is 0.91
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Annex 3

Standardized master chronologies (unitless indices) used to
analyze the climate-growth relationships. H, M, and L repre-

sent high-, medium-, and low-density stands, respectively; D,
C, and S represent dominant, codominant, and suppressed
trees, respectively
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Annex 4

Mean BAIs according to cambial age (in year) for the
269 oaks sampled. The number of available rings per
cambial age varied from 1 to 199; mean 97 ± 62. The
number of different dates per cambial age varied from 1

to 16 (1997–2012). At least 10 different dates were
available for the ages from 11 to 35 years and 16 for
the ages from 16 to 29 years. Less than 5 different
dates before 5 years and after 40 years. The equations
used to standardize the BAIs according to the cambial
age are presented
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Annex 5

Structuring of the 33 chronologies (HBc * RDIc * SSc). The
analyses have been performed on the tree-ring characteristics
(7 variables) and the climate conditions (2 variables) calculated
from the common period 1997–2012. A Clustering evaluation
according to the increase of the % of the explained inertia by

the groups; B hierarchal cluster analysis according to the Ward
D2 method. The percentage of explained variance by cluster-
ing is 97.1% (4 groups); C % of explained variance of each
dimension of the PCA. The first two axes explained 65.2% of
the variance. D Scatter plot of principal component analysis
(PCA, dim 1 and dim 2) performed on the matrix (33 chronol-
ogies * 9 variables) (here variables). Tjan, January temperature
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(°C); age in years in 2012; HBs, summer water balance (mm);
MS, mean sensitivity; EPS, expressed population signal; SNR,
signal to noise ration; rbt, coefficient correlation between trees;
AC, first-order correlation (see text and Table 2 for details). E
Scatter plot of principal component analysis (PCA, dim 1 and
dim 2) performed on thematrix (33 chronologies * 9 variables)
(here chronologies). The figure shows the 95% ellipse confi-
dence regions for each qualitative variables: SSc (S, C, D);
RIDc (high, medium, low); HBc (dry: HBs, − 180 mm; mesic,
− 129 mm; wet, − 96 mm). The significant coefficients of

correlation with the components are also given for each qual-
itative variables. See text for details.

Annex 6

Boxplot for resistance, resilience, and recovery according to
SSc (D, C, and S) stratified by HBc (dry, mesic, wet). The
open circle corresponds to the mean value of the variable for
each modality and the dotted line to the overall mean. Means
and p values are presented in Table 4 (Tukey’s HSD tests).
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