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ABSTRACT

Severe droughts and heat waves have increased over the last decades, leading to forest dieback worldwide. In this
context, reducing stand density and mixing tree species are two silvicultural options being investigated by forest
managers to limit the impact of climate change on forest health and productivity. We studied tree size effect and
stand composition and density effects on crown defoliation in adult trees belonging to two species: sessile oak
(Quercus petraea, Matt. (Liebl.)) and Scots pine (Pinus sylvestris, L.). We monitored tree crown defoliation at 18
experimental plots located in central France for five consecutive years following the extreme heat wave of 2019.
Our results highlight two different dynamics for crown defoliation in the two tree species. For Scots pine, we
observed an abrupt severe increase in defoliation followed by a significant decrease in 2024, while sessile oak,
crown defoliation continued to increase steadily after 2020. For both species, larger trees had significantly less
crown defoliation than small trees. We found higher defoliation for sessile oak in mixtures and conversely, higher
defoliation for Scots pine in pure stands. Finally, we found no difference in crown defoliation between low-

density and medium-density stands for either species.

1. Introduction

Forest dieback is a complex and evolving multifactorial phenomenon
generally characterized by tree crown defoliation and sometimes tree
death (Manion, 1981; Sinclair, 1965; Vennetier, 2012). Climate change
has an impact on forest dynamics, and is increasing forest dieback events
linked to droughts and high temperatures (Allen et al., 2010; Gazol and
Camarero, 2022; Hammond et al., 2022). Choat et al. (2012) have
shown that drought-induced forest dieback is occurring not only in arid
regions but also in wet forests not normally considered to be at risk of
drought. In this context, more than 1300 forest dieback events linked to
high temperatures and droughts have been studied worldwide since
1970, with 46 % of all the tree mortality events studied occurring be-
tween 2010 and 2018 (Hammond et al., 2022). Long-term forest
monitoring reveals that tree mortality has doubled in Europe’s
temperate forests over the last three decades (Senf et al., 2018). Climate
change can intensify the physiological stress undergone by forest eco-
systems, leading to modifications in their carbon and water economies
(McDowell et al., 2008), and in their structure and composition
(Anderegg et al., 2013).

In this context, forest managers are wondering how to adapt their
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management pratices to limit the consequences of climate change.
Reducing stand density and mixing tree species are two management
options thought to limit forest dieback events and their impact on future
forest dynamics (Sohn et al., 2016; Puettmann, 2011). Tree species di-
versity generally improves forest stand resistance to natural distur-
bances (Jactel et al., 2017) because mixing tree species can promote
positive interactions (i.e. niche complementarity) among species for
resource acquisition (Ammer, 2019; Forrester and Bauhus, 2016).
Moreover, Porté et al. (2004) have shown that forest composition has an
effect on microclimatic conditions. Tree health status is also likely to be
sensitive to the presence of an accompanying species in the stand. For
instance, a tree surrounded by heterospecific neighbors may be subject
to different microclimatic conditions, and hence to different hydric and
thermic stresses, compared to a tree surrounded by conspecific neigh-
bors. For oak-pine mixtures, it has been shown that mixing reduces
drought vulnerability and influences tree physiological mechanisms for
both species (Steckel et al., 2020). The temperature perceived by the
leaves could be different depending on stand composition, given that
high temperatures on the leaf surface (i.e. > 40°C) increase hydraulic
failure and alter photosynthesis and respiration processes (Billon et al.,
2020; Cochard, 2021; Schuldt and Ruehr, 2022). To summarise, mixing
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species can modify canopy microclimate, root competition for water
resources and could be an appropriate silvicultural management option
to limit forest dieback (lacopetti et al., 2019).

To our knowledge, stand density effect has never been studied in
relation to tree crown health status, rather only in relation to tree
mortality. Even so, some results show that reducing stand density is an
effective way to maintain tree growth and to reduce drought-induced
tree mortality (Moreau et al., 2022; Sohn et al., 2016). Stand basal
area is the main driver of stand evapotranspiration and thinning appears
to help to increase water availability at a tree level; however, thinning
could also increase transpiration due to higher temperatures (Bachofen
et al., 2023). Pardos et al. (2021) also showed that stands with greater
basal area could be more resistant and resilient to drought in terms of
growth than stands with lower basal area. On the basis of this result, we
can hypothesize that trends for crown defoliation over time may also
differ according to stand density. Moreover, we should keep in mind that
the stand density effect could be species-dependent, as has been
demonstrated for tree growth in response to heat-drought events (Bello
et al., 2019b).

There are also contrasting results in the literature on how tree social
status affects tree sensitivity to drought. Some studies have found large
trees to be more sensitive while, in other studies, they appear to be less
affected than small trees (Zang et al., 2012). To give an example, Merlin
et al. (2015) showed that small Scots pine have a better response to
drought than do large ones and that the difference in response to
drought between small and large sessile oaks is still unclear. In any case,
we know that tree size could be an important factor in explaining
drought-induced tree dieback, given that some studies have already
shown that drought-induced tree mortality, and even tree mortality
through competition, predominantly eliminate small trees (Bose et al.,
2024; Pretzsch et al., 2022).

In order to better define forest management options that could help
to limit the impacts of climate change on forest dieback, there is a need
for results concerning the effect of mixing tree species and the role stand
density and tree social status play in tree health for species with con-
trasting traits.

Herein, we analyse tree size, stand density and stand composition
effects on tree health status for a deciduous (sessile oak (Quercus petraea
L.)) and an evergreen (Scots pine (Pinus sylvestris L.)) species, both of
which are particularly important economically in Europe. After being hit
by several heat waves in recent years, Europe experienced another se-
vere heat wave in 2019 (Xu et al., 2020). In July 2019, an air temper-
ature of 42.8°C was recorded at the weather station close to our study
site (INRAE, Nogent-sur-Vernisson, France); it was the highest temper-
ature recorded over the last thirty years. Following this series of
heat-drought events, we monitored tree crown defoliation for sessile oak
and Scots pine from 2020 to 2024 in the experimental OPTMix network
located in central France (Korboulewsky et al., 2015). We compared oak
and pine defoliation on trees growing in pure stands and in an oak-pine
mixture, for both low-density and medium-density stands. We asked the
following research questions:

1) How did tree crown defoliation for sessile oak and Scots pine change
during the 2020-2024 period? We hypothesized that crown defoli-
ation would increase steadily from 2020 for both species in response
to the extreme heatwaves of 2018 and 2019.

Did relative tree size affect the crown defoliation for either species?
Due to a competition disadvantage, we hypothesized that smaller
trees would experience more severe crown defoliation in response to
heat-drought events.

Did stand composition and stand density influence tree crown
defoliation in sessile oak and Scots pine? Changes in stand compo-
sition and stand density lead to changes in microclimates and re-
lationships between individuals. These modifications can potentially
have opposite consequences on crown defoliation depending on the
considered species. We therefore hypothesized that these factors
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would have an effect on tree species defoliation, without specifying
the direction.

2. Materials and methods
2.1. Study site and plot description

Data were collected on the OPTMix long-term experimental site (Oak
Pine Tree Mixture, https://www.optmix.efno.fr, (Korboulewsky et al.,
2015) located in the Orléans National Forest (France, 47049’ N, 2029’ E)
(Fig. 1), which is the largest forest managed by the National Forest Of-
fice (ONF) in metropolitan France, covering 35,000 ha. Elevation ranges
from 107 m to 174 m above sea level. The area has a temperate climate
with an oceanic influence: the mean annual temperature is 10.8 oC and
the mean annual rainfall is 729 mm (based on 1981-2010 data from the
SAFRAN and ISBA analytical platforms, Météo-France, (Durand et al.,
1993)). All the plots were set up on the same soil type, characterized by
an upper layer of sandy loam and a clay layer appearing at around
40-70 cm in depth, which leads to temporary waterlogged conditions in
winter and spring. These soils are derived from lacustrine and alluvial
deposits and are chemically poor, acidic and relatively unproductive
(C/N < 20, pH = 4.5) (Brethes, 1993). The soils are classified as Pla-
nosols (IUSS-Working-Group-WRB, 2015). These characteristics limit
plant water availability during the growing season (summer). Two main
species were studied: sessile oak (Quercus petraea Matt. (Liebl.)) and
Scots pine (Pinus sylvestris L.). These species are very common in French
forests in both pure and mixed stands. The OPTMix experiment consists
of 0.5-ha plots of mature forest (70-80 years old on average) with three
replicates of each stand type: pure oak, pure pine, and oak-pine mixture,
in both low and medium stand densities (Fig. 1, Table 1). In each site, the
two 0.5-ha plots with different densities are defined by the Relative
Density Index, RDI (Reineke, 1933): the low—density plot thinned in
winter 2017 (target RDI = 0.4), and the medium-density plot (target RDI
= 0.7). The distance between repetitions of a triplet is at least a few
kilometers.

2.2. Sampling design and tree crown observations

Following severe drought-heat wave events (Appendix A, B, C), tree
crown defoliation monitoring started in 2020 on the OPTMix experi-
mental plots. We chose the tree crown defoliation because the parameter
is the most widely used to indicate tree health status (Bussotti et al.,
2024). For each year from 2020 to 2024, one visual observation of tree
crowns per year was carried out during June or July on the same sample
of trees. Defoliation was monitored through binoculars on at least fifteen
trees per species. The trees were randomly selected in three diameter
classes and in three zones at each plot. The same sample trees were
monitored over the entire five-year period considered in this study. If a
sample tree died between 2020 and 2024, the corresponding data be-
tween 2020 and its death were included in the statistical analysis
(Table 2).

We followed the European protocol defined by the ICP-Forests
network (Eichhorn et al., 2016) to estimate tree crown defoliation. For
each assessable tree crown, the percentage of defoliation relative to a
healthy reference tree was visually estimated and classified in 5 %
classes: from 0 % for a healthy tree with no defoliation to 100 % indi-
cating a dead tree. This indicator integrates microphilly and the pro-
portion of dead branches.

To limit observer effects, every effort was made for one and the same
person to conduct all the observations for each one-year period and, as
far as possible, for several consecutive years. Two main observers were
involved: one conducted the observations from 2020 to 2022 and the
other one joined the first observer to assess tree crown defoliation in
2023 and 2024. The two observers calibrated their observations
together at the beginning of the season to guarantee continuity in the
measurements.
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Fig. 1. (A) Location of the OPTMix experimental study sites. Stands of each type (Oak, Pine, Mixture) are spread over nine forest sites in the Orléans State Forest
(green area) (France, 47° 49'N, 2°29'E). (B) Experimental design at the plot level (N = 18). Each site corresponds to two experimental plots with the same stand
compostion but different densities, a low and a medium stand density.

Table 1
Plot characteristics at the end of the 2020 growing season. N.ha™
= dominant height. oak = sessile oak. pine = Scots pine.

1 — Number of stems per hectare. BA tot. = total stand basal area. Dg = quadratic mean diameter. Ho

Plot Stand Stand N.ha BA tot. (m%ha BA oak (m%ha BA pine (m*ha Dg oak Dg pine Ho oak Ho pine
composition density 1 1) 1) 1) (cm) (cm) (m) (m)

012.2 Oak Low 292 14.2 14.2 0 24.9 - 20.7 -

0214.2 Oak Low 281 14.1 14.1 0 25.2 - 19.1 -

0593.2 Oak Low 191 13.8 13.8 0 30.3 - 22.6 -

012.3 Oak Medium 485 22.8 22.8 0 24.4 - 22.1 -

0214.1 Oak Medium 577 20.8 20.8 0 21.4 - 19 -

0593.1 Oak Medium 416 22.8 22.8 0 26.4 - 21.4 -

0216.1 Mixture Low 245 16.6 7.3 9.3 25.3 34.4 18.7 19.4

057.3 Mixture Low 205 16.2 7.1 9.1 25.4 41.9 20 22.9

0598.1 Mixture Low 178 16.6 7.3 9.3 30.2 39.5 20.4 20.7

0216.4 Mixture Medium 397 25.2 12.3 12.8 24.8 33.7 19.8 22.3

057.1 Mixture Medium 417 28.6 12 16.7 23.1 40.1 20.3 23.1

0598.4 Mixture Medium 328 27.3 9.7 17.6 26.8 37.9 21.2 22.6

0200.2 Pine Low 173 19 0 19 - 37.2 - 21.7

0333.2 Pine Low 197 19.6 0 19.6 - 35.5 - 24.2

083.2 Pine Low 194 19.9 0 19.9 - 36.2 - 25.1

0200.1 Pine Medium 343 31.1 0 31.1 - 33.9 - 22.5

0333.3 Pine Medium 334 31.3 0 313 - 34.5 - 23.8

083.1 Pine Medium 283 31.2 0 31.2 - 37.4 - 24.9

Table 2
Number of trees observed per species for each year according to stand density and composition.

Species Stand composition Stand density 2020 2021 2022 2023 2024

Quercus petraea Pure Low 75 75 75 75 75
Medium 82 82 82 82 81

Mixture Low 66 66 66 66 66

Medium 77 76 76 76 76

Pinus sylvestris Pure Low 77 78 77 76 75
Medium 78 77 77 77 75

Mixture Low 68 68 62 62 62

Medium 73 72 68 68 68
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2.3. Statistical analysis of stand characteristics effects on tree crown
defoliation during the 2020-2024 period

For each tree species, we fitted a linear mixed effects model with
stand composition, stand density, relative tree size and year as fixed
effects (global model). The objective of this global model for each spe-
cies was to identify differences in crown defoliation dynamics over the
2020 — 2024 period according to the stand characteristics. Year was a
numerical variable from O to 4, with 0 corresponding to the first survey
year (2020). The year effect was tested with a linear and a quadratic
term for each species. Relative tree size was calculated for each species
based on tree circumference at breast height (1.3 m), and was defined as
the difference between the tree circumference and the mean species
circumference divided by total mean species circumference in the plot
where the tree was located. We fitted our models with tree and plot as
nested random effects. The tree and plot random effects allowed us to
properly estimate stand composition and stand density effects while
varying crown defoliation class over repeated observations from 2020 to
2024. A plot random effect was added on the intercept to take into ac-
count varying plot factors such as soil characteristics in our experi-
mental network. A plot random effect was also added to the model for
the year effect because we assumed that crown defoliation dynamics
could be different for each plot. We verified this assumption by
comparing models with random effects on the intercept only and models
with random effects on both the intercept and the year effect. We
assumed that stand composition, stand density and relative tree size
effects could vary over time. We therefore tested whether there was any
interaction between these factors and the year effect. We also tested
whether there was an interaction between stand composition, stand
density and relative tree size.

For each species, we also fitted separate linear mixed effects models
for each year (annual models) in complementary analyses. In these
models, relative tree size, stand composition and stand density were
added as fixed effects and plot was added on the intercept as a random
effect. The objective of these annual models for each species was to
identify specific differences in crown defoliation for a given year ac-
cording to stand characteristics.

Data analysis were performed with the R software version 4.2.3. All
the linear mixed effects models were fitted with the Imer function of the
Ime4 package (Bates et al., 2015). We performed pairwise post-hoc
multiple comparisons with the emmeans package according to the
Sidak method (Lenth, 2017). Estimated marginal means and predictions
from the linear mixed effect models were also computed with the
emmeans package (Lenth, 2017).

3. Results
3.1. Defoliation dynamics during the 2020 — 2024 period

For both species, tree crown defoliation increased significantly over
the 2020 - 2024 period (Fig. 2, Table 3). Sessile oak defoliation
increased steadily from 34 % to 55 % over the period. Scots pine defo-
liation increased abruptly from 26 % in 2020 to 43 % in 2021, then
continued to increase slightly from 43 % in 2021 to 50 % in 2023, and
finally, decreased to 45 % in 2024 (Fig. 2). In 2020, defoliation was
higher for sessile oak; however, both species reached a similar defolia-
tion percentage in 2023 (50 %) (Fig. 2).

3.2. Relationship between tree crown defoliation and relative tree size for
sessile oak and Scots pine

For both species, our results show a negative relationship between
tree crown defoliation and relative tree size (p-value < 0.001 for sessile
oak and Scots pine, Table 3). Larger trees suffered less from defoliation
than did smaller trees (Fig. 3). Relative tree size effect was stronger for
Scots pine than for sessile oak (Table 3) in pure stands: as relative tree
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Fig. 2. Tree crown defoliation for sessile oak and Scots pine over the 2020 —
2024 period. Each point represents the average observed for each tree species
and all stand types. Error bars show the standard errors of the observed values.

size changed from O to 1, 18.99 % less defoliation for oak and 31.6 %
less defoliation for Scots pine. For example, smaller pines (Relative size
= —0.25, circumference = 90 cm) had 54 % defoliation while larger
pines (Relative size = +40.25, circumference = 140 cm) had 38 %
defoliation in 2024.

For sessile oak, the results show a significant interaction between
stand composition and the relative tree size (p-value = 0.01, Table 3). In
pure stands, small oaks (relative size = —0.25, circumference = 60 cm)
had 55 % defoliation while larger oaks (relative size = +0.25, circum-
ference = 100 cm) had 46 % defoliation in 2024. In mixed stands,
defoliation was similar in 2024 for larger oaks (relative size = +0.25,
defoliation = 61 %) and smaller oaks (relative size = —0.25, defoliation
= 63 %). Large and medium-sized oaks had significantly higher defoli-
ation in mixed stands than in pure stands (Fig. 3).

3.3. Stand composition effect on tree crown defoliation for sessile oak and
Scots pine

For sessile oak, the results show a slight but significant interaction
between the stand composition effect and the year effect (p-value =
0.04, Table 3), which means that changes in defoliation were signifi-
cantly different between mixed and pure stands (Fig. 4). We systemat-
ically observed higher defoliation in mixed stands than in pure stands
after 2020 (for the same stand density) and defoliation increased faster
in the mixed stands than in pure stands over the period 2020-2024
(24 %). The defoliation increase in mixed stands was slightly higher
than defoliation increase in pure stands for sessile oak (Table 3, sessile
oak: Est. pure stands = 4.33 %.year ! and Est. mixed stands = 5.96 %.
year™1). Post-hoc mean comparisons with our global model showed that
crown defoliation was not significantly different between pure and
mixed stands for sessile oak in 2020 and 2021. However, defoliation
became significantly higher in the mixed stands from 2022 to 2024: the
difference in defoliation beween mixed and pure stands was 7.6 % in
2022, 9.2 % in 2023 and 10.9 % in 2024.

For Scots pine, defoliation was similar in pure and mixed stands in
2020 (Fig. 4) but our results show a significant interaction between the
stand composition effect and the year effect (P < 0.001, Table 3). Stand
type (mixed or pure) significantly influenced changes in defoliation over
the 2020 — 2024 period for Scots pine. In the pure stands, the trees
experienced slightly more severe and brutal crown defoliation from
2020 to 2022 (Fig. 4). Nevertheless, post-hoc mean comparisons with
our global model showed no significant difference between the two
stand compositions dependent on year. The models fitted separately for
each year also showed that defoliation was not significantly higher in
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Table 3

Estimated parameter values of the linear mixed effects model fitted for Quercus petraea and Pinus sylvestris defoliation (%). The models were fitted according to the
REML method. Nb obs. = number of observations. AIC = Akaike information criterion. RMSE = Root-mean-square error. Est. = Estimate. SE = standard error. Df
= Satterthwaite degree of freedom. The intercept of the model represents the defoliation percentage for an average-sized tree in a pure stand in 2020 (2020 was set as

the origin t = 0).

Species Nb obs. AIC RMSE Parameter Est. SE Df t value p-value
Quercus petraea 1495 12098 9.88 Intercept 32.53 2.82 10 11.53 < 0.001
Relative size —18.99 4.25 284 —4.47 < 0.001
Year 4.55 0.49 10 9.32 < 0.001
Stand composition (mixture) 4.33 4.01 10 1.08 0.31
Year: Stand composition (mixture) 1.63 0.7 10 2.35 0.04
Relative size: Stand composition (mixture) 14.64 5.69 284 2.57 0.01
Pinus sylvestris 1438 11663 9.78 Intercept 24.02 2.82 10 8.53 < 0.001
Relative size -31.6 4.64 250 —6.82 < 0.001
Year 24.72 1.3 43 18.97 < 0.001
Stand composition (mixture) 4.97 4.01 11 1.24 0.24
Year? —4.68 0.24 1077 —19.82 < 0.001
Year? Stand composition (mixture) 1.81 0.35 1078 5.24 < 0.001
Year: Stand composition (mixture) —9.42 1.88 47 -5.01 < 0.001
Quercus petraea Pinus sylvestris
100 100
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Fig. 3. Sessile oak and Scots pine defoliation in pure and mixed stands during the 2020 — 2024 period according to relative tree size. The solid line corresponds to the
predicted values of the linear mixed-effects model (Table 3). The year was fixed at mid-period (2022, year = 2). For each species, we predicted defoliation for average
stand density conditions. For Scots pine, we predicted defoliation for an average stand composition. The dashed line corresponds to the confidence interval of the
fitted values.
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Fig. 4. Changes in defoliation during the 2020 — 2024 period for sessile oak and Scots pine in pure and mixed stands. Solid lines correspond to the values predicted
by the linear mixed-effects model (Table 3). Dashed lines correspond to the confidence interval of the fitted values. Each point represents the average observed

according to the stand composition (pure or mixed). Error bars represent standard errors of the observed values. Relative tree size is fixed to 0, which corresponds to
the average-sized tree. For each species, we predicted defoliation for average stand density conditions.
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pure stands than in mixed stands (see Appendix D for statistical values).

3.4. Stand density effect on tree crown defoliation for sessile oak and
Scots pine

Our global models showed that stand density had no significant ef-
fect on defoliation for either species during the period 2020 — 2024,
whether in pure or mixed stands (Table 3) (see Appendix E for statistical
values). For both species, we observed approximately the same level of
crown defoliation in both the low-density and medium-density plots
over the period 2020 - 2024 (Fig. 5); furthermore, our models fitted
separately for each year confirmed that stand density had no effect on
defoliation in any given year during the period, whether for pure or
mixed stands (see Appendix D for statistical values).

4. Discussion

With data collected over five consecutive years following the
extreme heat waves in 2018 and 2019 from pure and mixed stands of
Scots pine and sessile oak, we used linear mixed effect models to study
the effects of tree size, stand composition and stand density on crown
defoliation.

4.1. Changes in sessile oak and Scots pine tree crown defoliation during
the 2020-2024 period

The defoliation we observed in 2023 in the pure stands was 55 % for
sessile oak and 45 % for Scots pine. These defoliation rates are much
higher than those observed for Europe in 2023 by the International Co-
operative Programme on Assessment and Monitoring of Air Pollution
Effects on Forests (ICP Forests) (30 % and 35 % for sessile oak and Scots
pine, respectively). The more severe defoliation we observed is probably
because our study site has particularly poor, acidic and relatively un-
productive soils (Brethes, 1993). In any case, overall, tree health is
deteriorating in European forests due to climate change; several studies
have confirmed the increase in defoliation over the past 20 years for
sessile oak (42.6 %) and Scots pine (+4.3 %) growing in temperate re-
gions (Michel, 2022). For sessile oak, Michel (2022) highlighted that the
largest positive deviation from the otherwise gradually increasing trend
in defoliation occurred in 2019, possibly due to the effects of
heat-drought events both in 2018 and 2019, then the increasing trend in
defoliation continued in 2021. For Scots pine, Michel (2022) also
showed that mean defoliation values were consistently above the trend
line after 2015, with the highest value recorded in 2019.
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In our study, the annual changes in defoliation between 2020 and
2024 differ for the two species. For sessile oak, there was a linear in-
crease in tree crown defoliation with an annual increase of 5 % per year
(Fig. 2). For Scots pine, annual changes in defoliation followed a
quadratic curve. Between 2020 and 2023, Scots pine foliage health first
deteriorated rapidly, then stabilized, and finally, after 2023, improved
with a 5 % decrease in defoliation. The crown defoliation we observed at
our study site occurred after several severe heat waves and droughts
(Appendix B, C) observed in recent years in Europe (Xu et al., 2020).
Knutzen et al. (2025) demonstrated a significant increase in defoliation
due to the heat and drought events from 2018 to 2022 for broadleaves
and conifers in French forests. We can assume that these events also
triggered an increase in crown defoliation at our study site.

For Scots pine, our results show that the increase in crown defolia-
tion after 2019 was limited over time, with some indications of crown
resilience in 2024 (Fig. 2). Scots pine crown resilience corresponded to
regained favorable growing-season conditions with lower maximum
temperatures and higher precipitation rates after 2020 (Appendix A, B,
C). For sessile oak, our results show a steady increase in defoliation. We
observed that some oaks adapted their crown morphology with sprout
growth on the main branches and along the trunk but this phenomenon
could not be assessed with the defoliation protocol we applied.

For the 2020 - 2024 period, we were therefore able to assess two
different crown dieback patterns following heat-drought events for two
tree species. We found particularly abrupt and severe crown defoliation
followed by a slight crown recovery for Scots pine, while sessile oak
crown defoliation increased steadily.

4.2. Tree crown defoliation is less severe in large trees than in small trees

Our results show a negative correlation between tree crown defoli-
ation and tree size for both sessile oak and Scots pine. For Scots pine, we
found a strong negative correlation between tree size and tree crown
defoliation. Relative tree size was the most important explanatory effect
for crown defoliation in Scots pine (Table 3). For sessile oak in pure
stands, the relative tree size effect was much weaker (Table 3). For both
species, crown defoliation was higher for smaller trees than for larger
ones (Fig. 3). This may indicate that competition was among the main
drivers of crown defoliation, as it is for tree mortality; indeed, higher
mortality rates in smaller trees have been widely observed for Scots pine
(Bose et al., 2024). Our results are consistent with some research
demonstrating that recent temperatures and rainfall trigger
over-mortality for small trees but not for dominant trees (Taccoen et al.,
2021). Dominant trees are usually taller and have deeper coarse roots
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Fig. 5. Changes in defoliation during the 2020 — 2024 period for sessile oak and Scots pine in low-density and medium-density stands. Solid lines correspond to the
predicted values of the linear mixed-effects model (Table 3). Dashed lines correspond to the confidence interval of the fitted values. Points represent the average
observed according to the stand density (low or medium). Error bars represent standard errors of the observed means. Relative tree size is fixed to 0, which cor-
responds to the average-sized tree. For each species, we predicted defoliation for average stand composition conditions.
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and a greater fine-root biomass than do suppressed trees, thus giving
them better access to water and potentially delaying water stress (Grote
etal., 2016). In our study, crown defoliation was higher for smaller trees
than for larger ones suggesting that competition between individuals
was the main process involved for both species.

4.3. Stand composition effect for Scots pine and sessile oak during the
2020 - 2024 period

For both species, our results show a weak effect of stand composition
on changes in tree crown defoliation between 2020 and 2024 (Table 3).
Scots pine experienced more severe and more brutal crown defoliation
in pure stands (Fig. 4). For sessile oak, our results show only a slight
stand composition effect on defoliation after 2020 with a steeper slope
for mixed stands than for pure stands (Fig. 4). Moreover, we found a
significant interaction between stand composition and relative tree size
for sessile oak. The tree size effect was weaker in mixtures than in pure
sessile oak stands: small, medium and large sessile oaks all had similar
defoliation levels in mixed stands (Fig. 3).

Tree crown morphology could explain our results because canopy
filling and crown plasticity could modifiy light interception, produc-
tivity and growth in response to stress in mixed stands (Pretzsch, 2014).
The presence of an accompanying species in a stand modifies the tem-
peratures perceived by the leaves of the target tree, and this affects
crown defoliation. Oak tree crowns received more light and more heat in
our mixed stands than in their corresponding pure stands because Scots
pine foliage intercepts less solar radiation than does sessile oak foliage
(Perot et al., 2017). Oaks surrounded by pines also benefit much less
from a cooling effect of the canopy, especially if the transpiration ac-
tivity of the pines decrease due to heat-drought events. Oaks surrounded
by conspecific neighbors benefit from more favourable thermic condi-
tions due to the cooling effect of oak transpiration. Therefore, the can-
opy temperature may reach critical levels more quickly in mixed stands
than in pure oak stands during severe heatwaves like the one in July
2019 (Xu et al., 2020). This could explain why medium-sized and large
oaks had higher tree crown defoliation rates in the oak-pine mixtures;
and why the increase in oak defoliation was greater in mixtures.

Scots pine also showed a different rate of change in tree crown
defoliation depending on stand composition (Table 3). Surprisingly,
Scots pine experienced more severe and more brutal crown defoliation
in pure stands (Fig. 4) than in mixed stands. We expected higher defo-
liation for Scots pine in mixed stands because sessile oak is known to
have a competitive advantage over Scots pine for water resources during
drought periods (Bello et al., 2019a). However, hotter canopy micro-
climates in pure pine stands could explain our results; pine crowns may
be more exposed to high temperatures and strong solar radiation due to
their relatively transparent crowns. Conversely, pines surrounded by
oaks may benefit from more favorable microclimatic conditions due to
partial shading, more transpiration activity and the higher buffering
capacity of the oaks. Thus, Scots pine could be more stressed and suffer
more crown defoliation in pure stands following severe heat and
drought events due to higher canopy temperatures (eg. > 40°C) and
increasing hydraulic failure (Billon et al., 2020; Cochard, 2021). In our
study, canopy microclimate was probably the main explanatory factor
for changes in crown defoliation rates related to stand composition for
both species.

4.4. Why was there no stand density effect on tree crown defoliation for
oak and pine?

In our study, there was no effect of stand density on tree crown
defoliation over the 2020-2024 period, either for Scots pine or for sessile
oak (Fig. 5). Stand densification normally increases tree mortality due to
self-thinning processes (Bose et al., 2024) but at our study site, our stand
densities were below the biological maximum (RDI = 1) for both our
low-density (target RDI = 0.4) and our medium-density plots (target RDI
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= 0.7) (Reineke, 1933). Reducing stand density decreases competition
and increases the water available for each tree (Breda et al., 1995). In a
drought context, we would have expected higher tree defoliation rates in
medium-density stands due to higher competition for water among the
roots.

Canopy temperatures can reach higher levels in low-density stands
than in higher-density stands during heat-drought events (Diaz-Calafat
et al., 2023). In low-density stands, excessive water losses caused by
high cuticular permeability can trigger hydraulic failure due to higher
canopy temperatures (approximately 40°C) (Billon et al, 2020;
Cochard, 2021), and similar temperatures could have been reached at
our study site. Considering the previously reported hypotheses, the lack
of stand density effect for both species in our study is surprising.

Even though physiological processes involved may differ depending
on stand density, crown defoliation rates have been similar in recent
years. Possibly, our trees suffered from more root competition for soil
water resources at the medium-density but from higher temperatures
and sudden hydraulic failure at the low-density. Another explanation
could be that recent heat-drought events may have been too severe to
subsequently distinguish a stand density effect on tree crown defolia-
tion. For instance, the below-canopy air temperature exceeded 42°C in
summer 2019 at our study site and we can easily suggest that canopy
temperature exceeded below-canopy air temperature by over 10°C
(Gauthey et al., 2024). Whether stand density was low or medium, leaf
critical temperature (T) could have been exceeded for both species
during the heat wave (Pinus sylvestris: Tcyir = 45°C, Quercus petraea: Tyit
= 59.5°C) (Gauthey et al., 2024, 2023). A physiological threshold may
have triggered tree crown defoliation, regardless of stand density.
Finally, though the range between the two density classes we studied
was large from a forest management point of view, it was perhaps still
too narrow to reveal any effect on tree crown defoliation. In our study,
stand density was not related to tree crown defoliation. However,
further investigation is needed to better understand whether reducing
density can be an advantage or, on the contrary, an aggravating factor in
the case of extreme heat waves or severe droughts leading to forest
dieback.

5. Conclusion

Our study provides insights into forest dieback following successive,
extreme heat-drought events in 2018 and 2019. Mixing species in a
stand and reducing stand density are two of the strategies currently
being considered to face climate change. We investigated changes in
defoliation rates in Scots pine and sessile oak over the 2020-2024 period
related to relative tree size, stand composition and stand density. The
two species showed different changes in terms of crown defoliation.
Crown defoliation first increased abruptly for Scots pine, then stabilized,
and finally, decreased in 2024. For sessile oak, crown defoliation
increased steadily over the study period, by approximately 5 % each
year. Relative tree size was the strongest observed effect for Scots pine.
Larger pines had significantly less crown defoliation than smaller ones,
possibly due to greater root competition for water experienced by the
smaller trees. We observed the same effect for sessile oak in pure stands
but not in mixed stands, probably due to an interaction with microcli-
matic conditions in mixed stands. For both species, we found a slight
stand composition effect on crown defoliation with higher defoliation
for sessile oak in mixtures and, conversely, higher defoliation for Scots
pine in pure stands. This result could be explained by higher canopy air
temperatures when Scots pine is present because its foliage intercepts
less solar radiation than sessile oak and because the cooling effect of
Scots pine is lessened due to reduced transpiration in case of drought.
Unexpectedly, we found no stand-density effect on tree crown defolia-
tion. This may be due to opposite effects when stand density is reduced:
there is a better water balance at the tree level but higher temperatures
in the canopy.

Our results indicate that mixing tree species could be an interesting
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strategy for forest managers to limit crown defoliation but only for Scots
pine mixed with sessile oak. Further research and monitoring are needed
to better understand how root competition for water and microclimatic
conditions are involved in these different stand types during a forest
dieback episodes following heat waves and severe droughts, and how
these factors interact with the forestry scenarios (e.g. tree growth) being
proposed to face climate change.
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