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Abstract

Changes in temperature and rainfall linked to recent climate change increase the
mortality rates of European temperate tree species. The economic importance of trees and the
ecosystem services they provide differ according to their social status (dominant or suppressed
trees) and their size. The extent to which climate change impacts these different categories in
different ways remains little explored.

Ecophysiological differences between tree size and status suggest different sensitivities
to climate change. Dominant trees are exposed to more evapotranspiration than suppressed trees
that benefit from buffered climatic conditions. Large trees are able to develop a network of fine
roots that allow deeper water and nutrient uptake during water shortage periods, but that have
higher water requirements and more physical constraints than small trees due to the fact that
they must lift water to greater heights.

We used 207,100 trees from the French forest inventory data (including 3,514 dead
trees), representing eight common European tree species. For each species, we separated the
tree population into three subsets of suppressed, small dominant and large dominant trees. For
each subset, we modelled the mortality observed in a stand in the absence of disturbances
(background mortality), with a focus on the differences in sensitivity to recent changes in
temperature and rainfall.

After having taken the main mortality drivers related to competition into account, as
well as stand characteristics including logging intensity effect, we assessed the over-mortality
linked to the recent changes in temperature and rainfall for each of the three subsets.

When considering both changes in temperature and rainfall, the climate change related
to over-mortality was greater for suppressed than for small or large dominant trees, for all the
species. Over-mortality of suppressed trees was related to temperature increase, whereas a
maximum vulnerability related to rainfall decrease was observed for large dominant trees.

Over-mortality driven by climate change not only concerns large and dominant trees,
but small and especially suppressed ones as well. These results suggest that in addition to wood
production, forest renewal and ecosystem services associated with understorey vegetation are
threatened by the recent changes in temperature and rainfall in European temperate forests.

Keywords: global change ecology, climate change, temperature, rainfall, tree species,
mortality, temperate forest, tree circumference, tree social status.



1 Introduction

According to their social status and size, trees provide different ecological, economic
and social services. An extensive review by Lindenmayer and Laurance (2017) listed the known
ecological roles of large trees. This includes influences on nutrient cycles (Lindo and Whiteley
2011), mobilization of deep groundwater (Nepstad et al. 1994), climate regulation (Dean et al.
1999), and provision of wildlife habitat (Remm and Lohmus 2011). Large trees are also of
utmost importance for carbon sequestration and wood production as the 1% largest trees
represent around 50% of the worldwide mature forest biomass (Lutz et al. 2018). Additionally,
they also play some important social and cultural roles (Blicharska and Mikusinski 2014). For
their part, small and suppressed trees are of great importance from a demographic viewpoint
because their survival and development is critical to ensure forest renewal. They provide
numerous ecosystem functions and services (Ampoorter et al. 2016), influencing both litter
composition and seed germination. Small trees are more diversified than large trees (Memiaghe
et al. 2016), increasing overall functional diversity and promoting a better resilience of
ecosystems to disturbances. In addition, they contribute to carbon storage (Vincent et al. 2015),
have an effect on hydrological processes (Gonzalez-Martinez et al. 2017), soil nutrient
availability and local microclimate (Turrell and Austin 1965), and provide food and habitat for
many animals.

The increase in human pressure combined with recent climate change is a threat to
forests in many parts of the world. Numerous studies have reported an increase in tree mortality
and massive forest dieback in different biomes (Neumann et al. 2017, Klein and Hartmann
2018). Senf et al. (2018) showed that the area affected by tree mortality has doubled in the past
30 years in Europe, whereas van Mantgem et al. (2009) observed a doubling of mortality in the
western United States. A decline in the number of trees was reported at a global scale in boreal,
temperate and tropical forests (Lindenmayer et al. 2014). In mid-boreal Swedish forests, the
proportion of large trees decreased by 90% between the early 19" century and the late 20™
century (Linder and Ostlund 1998).

The causes of dieback are extremely varied and include light availability, targeted
logging, forest clearing, pest outbreaks, wildfires, drought, grazing, agriculture intensification,
diseases and air pollution. These different sources of mortality are difficult to disentangle.
Different studies have highlighted the importance of climate on tree mortality, with recognized
direct effects of temperature (McDowell et al. 2016, Senf et al. 2018) and water availability
(Greenwood et al. 2017), or indirectly as a result of biotic factors (Marini et al. 2017,
Pureswaran et al. 2018, Jaime et al. 2019). Extreme events like severe or recurrent drought
episodes or heat waves have increased tree vulnerability to pests and diseases and led to forest
decline (Breda et al. 2006, Allen et al. 2015). However, most of the studies have focused on the
effects of extreme events on tree mortality to the detriment of long-term trend studies.
Consequently, the long-term effects of changes in temperature and rainfall due to recent climate
change is poorly known. In addition, these effects can be confused with changes in stand
characteristics, tree ageing and competition, which are the primary causes of mortality. Despite
these difficulties, recent research focused on past mortality trends revealed an over-mortality
attributed to recent climate change (Luo and Chen 2015, Hember et al. 2017, Taccoen et al.
2019).



Large trees are considered more vulnerable to drought than small trees. For instance, in
tropical forests, higher mortality rates were found for many species of large trees following
natural or experimental water shortage (Nepstad et al. 2007, Phillips et al. 2009, da Costa et al.
2010). More recently, a global-scale meta-analysis of the size-dependence vulnerability of trees
to drought, performed on 40 drought events at 38 locations worldwide, concluded that the
effects of drought events on tree growth and mortality were significantly greater for large than
for small trees (Bennett et al. 2015). Stovall et al. (2019) demonstrated in California that large
trees die at twice the rate of small trees during extreme drought events. This trend was
highlighted in many biomes including tropical, sub-tropical, arid and temperate forests.
Additionally, some studies focusing on small understorey trees in tropical forests found that
they were generally less exposed to radiation, vapour pressure deficit and temperature than
large dominant trees (Bennett et al. 2015).

Recent climate change is characterised both by hotter temperatures and more intense
droughts. Grote et al. (2016) listed the main ecophysiological differences between small and
large trees that can affect their exposure and response to water deficit and temperature. This
includes greater hydraulic constraints for large than for small trees due to the physical resistance
to lifting water to greater heights, as well as differences in stomatal control mechanisms and in
fine and coarse root biomass and vertical distribution. Due to their height, large trees have an
increased risk of cavitation and carbon deficits that can lead to death (Ryan et al. 2006). The
greater vulnerability of large trees could also be related to biotic factors because trees are not
affected by the same risks according to their size. For example, bark beetles preferentially attack
large trees because they have thicker bark and phloem for digging their breeding galleries and
for feeding than small trees (Pfeifer et al. 2011), with an exacerbated tree vulnerability during
drought periods (McDowell et al. 2011). In well-watered areas, hotter temperatures can increase
tree growth (Charru et al. 2017), but in more continental areas with drought events, growth is
impaired due to the interaction between high temperatures, potential evaporation and, finally,
increased soil water deficit. Depending on the stomatal behaviour of the species, drought-
induced tree mortality may be triggered if the ambient temperature is warmer, as demonstrated
in an experimental study on two gymnosperm species (Duan et al. 2015).

Despite the fact that big or old trees are considered to be more vulnerable to drought,
decline was also reported for small or young trees. For example, Peng et al. (2011), van
Mantgem et al. (2009) and Shenkin et al. (2018) observed an increase in mortality in Canada,
the western United States and the Amazonian forest for small trees in response to climate
warming and drought intensity, with higher mortality rates compared to large trees. Similar
results can also be found in tree radial growth studies based on data collected in different stands
and from a long-term experimental network. They showed a greater growth decrease of small
and understorey trees compared to large trees during extreme drought events in temperate
forests, hypothesized as the result of a shallower root system, leading to a more limited access
to deep water content (Pichler and Oberhuber 2007, Trouvé et al. 2014). This discrepancy
between past drought-induced mortality studies was sometimes attributed to limitations in the
spatial extent or sample size for retrospective analysis (Stovall et al. 2019). Understanding the
effects of the recent temperature and rainfall changes on different categories of trees is a
difficult task as they are submitted to contrasting environmental condition and competition



intensity, and because a confusion exists between tree size and social status, that can be both
correlated with age.

In this study, we analysed the effects of recent changes in climate on the observed
mortality in a stand without disturbance (i.e. background mortality). We tested the hypothesis
that long-term effects of changes in temperature and rainfall due to recent climate change can
differently impact background tree mortality according to the tree size and social status. For
eight of the most common European species and 207,100 available trees scattered over the
whole France, we determined three subsets of suppressed, small dominant and large dominant
trees. Using French Forest Inventory data collected between 2009 and 2015 and historic
climatic data, we modelled background mortality for each species’ subset. We accounted for
effects related to competition, stand attributes and logging intensity within the plot. In addition,
we added the recent changes in temperature and rainfall in order to evaluate their importance
in the background tree mortality models, and to calculate and map the associated over-mortality.

2 Material and methods
2.1 Database description and plot selection

We used data from the French Forest Inventory of the National Geographic Institute
(NGI), collected between 2009 and 2015 for France. Approximately 6,500 plots were
inventoried per year on a quasi-systematic grid, corresponding to 41,692 plots and 554,133
inventoried trees, including 37,767 dead trees. Only trees with a diameter at breast height (1.30
meters, dbh) > 7.5 cm were counted. On each plot, trees were surveyed in concentric subplots
of 6, 9 and 15 m in radius for trees of 7.5 < dbh < 22.5cm, 22.5 < dbh < 37.5 cm, and
37.5 cm < dbh, respectively, and the tree and stand characteristics were calculated for a same
surface unit (per hectare of forest land). According to the protocol, a dead tree was recorded
when it had a dbh > 7.5 cm, had no living part above 1.3 m height, and was presumed dead
within the five years prior to the inventory.

Standing dead trees, felled trees and broken dead trees were individually recorded.
Perturbations of soil conditions and vegetation cover were also systematically recorded in the
field, including forest fires, storms, waterlogging, flooding, landslides, avalanches and potential
anthropogenic disturbances. In order to avoid confusion between mortality factors related to
abrupt disturbances not necessarily related to climate change and those related to gradual
changes in temperature and rainfall regimes, all plots with evidence of such perturbations were
removed from the analysis. For the same reasons, felled and broken individual trees were
discarded. When a plot was composed of less than 10% of trees with a diameter > 7.5 cm, it
was removed from the analysis due to the impossibility to calculate reliable synthetic indices
such as basal area (BA). To focus on homogeneous stands only, plots including forest edges and
small groves were also removed. The proximity of forest edges modifies light availability,
increases wind-related disturbances, and induces different growth conditions from closed
forest. In total, 207,100 trees, including 3,514 dead trees, distributed on 25,209 plots, were used
for the eight studied species.

2.2 Species selection and data partitioning

We selected species based on the list of the 20 most important species in Europe in terms
of forest coverage (Brus et al. 2012). In order to compare climate change effects on tree
mortality in relation to tree development stage and social status, we separated the tree



population into three subsets for each species: suppressed trees, dominant small trees and
dominant large trees. Because individual tree eight is not measured, the separation between
suppressed and dominant trees was based on tree relative size, i.e. the circumference ratio of
each tree over the mean circumference of all the trees in the plot (Rel/Circ), irrespective of
species composition, developmental stage, or stand density. If this ratio was > 1, the tree was
considered dominant, and if it was < 1, the tree was considered suppressed. The effects of
climate change between small and large trees were focused on the dominant tree population
(live and dead trees) to avoid bias related to tree social rank. Two subsets of small and large
dominant trees were defined according to the median circumference value of set of dead trees.
We only kept species for which we had at least 20 dead individuals in each of the three subsets.
We obtained a list of eight species, including five gymnosperms and three angiosperms (Figure
1). The location and the exact number of live and dead trees for suppressed, small dominant
and large dominant tree subsets is available in Appendix A. The number of live and dead trees
for suppressed, small and large dominant trees per species is available in Appendix B. Because
competition between trees during the early stages of their development is the principal
determinant of tree mortality (Charru et al. 2012), and because declining large trees are
preferentially harvested, dead trees are mainly suppressed trees.
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Figure 1. Circumference of the suppressed tree subset (light grey boxes), the small and
dominant tree subset (medium grey boxes) and the large and dominant tree subset (dark grey
boxes). The separation between the two dominant tree subsets represents the median
circumference value of dominant dead trees. For each subset, the dotted line represents the
median circumference value of all the trees. The upper limit of the light grey and dark grey
boxes represents the I°' and 99™ percentile of the distribution.



2.3 Mortality models

We modelled the status of each tree (alive or dead) using logistic regression, a method
that makes it possible to model a binary dependent variable (Cox 1958) and that was widely
used in previous tree mortality models (Monserud and Sterba 1999, Hiilsmann et al. 2018). We
will first explain the choice of the variables used to model background mortality, based on
previous literature, before describing the modelling approach.

2.4 Characterising the effects of competition and stand characteristics

Based on previous models that assess the drivers of background tree mortality in
European temperate forests (Ruiz-Benito et al. 2013, Hiilsmann et al. 2018, Taccoen et al.
2019), we calculated five variables that characterise tree and stand characteristics on the basis
of information from NGI plots. Tree relative circumference at 1.3 m in height; (Relcirc), stand
development stage (plot basal area; BA), circumference distribution of trees within the plot
(Gini coefficient; Gini), stand species composition (proportion of the total plot basal area
occupied by the tree species of interest; PropBA), and stand management intensity (presence of
skid trails, Trails) are presented in Table 1. By considering Relcirc and BA, we accounted for
the effects of competition, which were identified as the main determinant of background
mortality, particularly affecting small trees (Das et al. 2016, Hiilsmann et al. 2018). The Gini
index of inequality (Latham et al. 1998) is calculated on the tree diameter distribution in the
plot and ranges between 0 and 1. It provides an indication of the type of silviculture practiced
on the plot (irregular or regular). PropBA reflects the tree species composition on the plot. These
two variables have shown themselves to be strong predictors of tree mortality in a previous
study in the same biome (Taccoen et al. 2019). Finally, Trails is an indirect indicator of stand
management intensity. It is important to take into account because silvicultural practices in
Europe generally imply the removal of dead or declining trees (Schelhaas et al. 2018).
Therefore, the presence of dead trees can be strongly influenced by logging intensity.

2.5 Climate change variables

To assess the potential effects of recent climate change on background tree mortality,
we considered two variables that describe changes in temperature and rainfall during the
vegetation period (March to August included). We used the interaction between climatic
conditions and climate evolution because previous research highlighted its better efficiency to
assess background tree mortality than average climate or climate evolution considered alone
(Taccoen et al. 2019).

We first averaged monthly temperature and rainfall values over a reference period
before climate warming in the studied area, spanning the 1961-1987 period. We selected this
period because in France temperatures rose continuously as of 1988, while no important
changes were recorded for rainfall between 1961 and 2015 (Appendix C). These variables were
modelled and mapped using 237 and 435 meteorological stations for temperature and rainfall,
respectively (Piedallu et al. 2016). Secondly, we calculated changes in temperature and rainfall
compared to the reference period using homogenised temperature and rainfall series provided
by Météo-France (Gibelin et al. 2014). We used 200 and 1,119 meteorological stations for
temperature and rainfall, respectively. For each of them, we calculated the difference between
the reference period and periods contemporary to the NGI sample plots recorded each year
between 2009 and 2015. According to the NGI protocol, trees were assumed to have died during
the five years before the survey. Additionally, trees may die long after climatic disturbances
(Das et al. 2013). Therefore, to fully capture the effects of delayed mortality, we considered 15-
year shifting time periods before the survey date for each plot in order to define periods
contemporary to the NGI sample plots. For the 15-year period before each of the seven yearly



NGI datasets surveyed, changes in climate conditions were calculated monthly for each
meteorological station, interpolated with ordinary kriging using Arcgis 10.5, and averaged for
the whole period.

Finally, for each of 15-year period shifting time periods, we calculated monthly
interactions between the reference climate period and changes in temperature and rainfall.
T°Evo were calculated as the product of reference temperatures and their changes. RfEvo was
calculated as the quotient of rainfall changes over the reference rainfall values. RfEvo values
were then cumulated over the vegetation period (from April to August), while 7°Evo values
were averaged over the same period (Table 1).

2.6 Modelling approach and quality assessment

A model was run with the same procedure for each of the eight species and the three
subsets (suppressed trees, dominant small trees and dominant large trees). The seven candidate
variables were used together to calibrate each model. To assess the commonly observed U-
shaped and bell-shaped response curves to tree size and competition intensity (Holzwarth et al.
2013), we tested tree stand attribute variables (RelCirc, BA, Gini, PropBA) in their quadratic
forms in addition to the monotonic one (Ter Braak and Looman 1986), and kept the best
performance. To validate each model with an independent dataset, we used a k-fold cross-
validation method [with k = 1000 (Friedman et al. 2001)]. For each iteration, we calibrated the
model on 80% of the trees randomly selected from the full sample, and validated with the 20%
remaining trees. We calculated the final coefficients for each selected variable by averaging the
1000 iterations of the calibration dataset. We then compared these coefficients for the three
subsets. The more the T°Evo coefficient is positive or the RfEvo coefficient is negative, the
more the recent temperature increase or rainfall decrease will lead to tree mortality, particularly
in hot or dry areas, respectively. Model quality was assessed with the mean Area Under the
Curve calculated with the 1000 iterations of the independent validation dataset [AUC, (Fielding
and Bell 1997)].

We estimated and mapped the over-mortality driven by 7°Evo and RfEvo for each tree
species. For each plot, we calculated the difference between the probabilities of mortality
predicted from the model with all the variables, and a model where the two climate change-
related variables were set to 0. In order to map only the effects of climate change on tree
mortality and to remove the stand effect, all the non-climatic variables were set to their mean
value (Muller and MacLehose 2014). For a representative stand, we obtained a value in %,
corresponding to the changes in the probability of finding a tree that died in the last five years
as a consequence of temperature and rainfall changes. For each species and subset, we
interpolated these values with ordinary kriging using ArcGIS 10.5 to map the excess probability
of mortality for the entire area studied.



Effect considered Variable description Abb. Unit |Source
Ratio of the circumference (c13) of the
Tree social status | tree over the mean c13 of all the trees in | RelCirc % | Calc.
the plot
Stand development
Sum of the tree basal areas in the plot BA m? | Calc.
stage
Circumference
Gini coefficient of the tree
distribution within Gini / Calc.
circumferences in each plot
the plot
Stand species Percent of basal area occupied by the
PropBA | % | Calc.
composition species in each plot
Indicator of the presence of previously
Stand management
existing skid trails and of the possibility | Trails / Field
intensity
of creating new ones
Interaction between temperature
evolution and the reference period
T°Evo / Mod.
temperature calculated as a product of
these two values from April to August
Intensity of climate
change Relative rainfall evolution calculated as
the ratio of rainfall evolution over the
RfEvo mm | Mod.

reference period rainfall from April to

August.




Table 1: Description of the seven explanatory variables used in the models. Abb =
abbreviation. The Source column indicates the origin of the data: (1) collected by the NGI
(Field); (2) calculated using NGI information (Calc), or (3) extracted using Geographic
Information System from digital models (Mod.).

3 Results
3.1 Performance of background mortality models for the three studied subsets

Average AUC values were greater than 0.82 for each subset for gymnosperms and
greater than 0.74 for angiosperms (Table 2). According to Hosmer Jr et al. (2013), AUC
indicates acceptable (0.7 < AUC < 0.8) to excellent (0.9 > AUC) performances. Model quality
was significantly greater for the suppressed tree subset (0.83 + 0.01) than for the small tree
subset (0.80 = 0.02) and the large dominant tree subset (0.79 + 0.02). The best model
performances were obtained for the suppressed tree subset of Pinus pinaster, with an AUC of
0.91. The lowest performances were obtained for the large dominant tree subsets of Quercus
petraea and Quercus robur, both with an average AUC of 0.71.

Suppressed | Dominant Dominant
Gymnosperms
trees small trees | Large trees
Abies alba 0.82+0.01 | 0.84+0.03 | 0.81+0.02
Picea abies 0.80+0.01 | 0.82+0.01 | 0.77+£0.02
Pinus pinaster 0.91+0.00 [ 0.84+0.02 | 0.86+0.01
Pinus sylvestris 0.77+£0.01 | 0.81+0.01 | 0.79+0.01
Pseudotsuga menziesii 0.89+0.01 [ 0.82+0.02 | 0.86=+0.03
Average 0.84 £0.01 | 0.82+0.02 | 0.82+0.02
. Suppressed | Dominant Dominant
Angiosperms
trees small trees | Large trees
Fagus sylvatica 0.79+0.01 | 0.83+0.03 | 0.80+0.03
Quercus petraea 0.83+£0.00 | 0.72+0.03 | 0.71 £0.03
Quercus robur 0.80+£0.00 | 0.724+0.02 | 0.71 £0.01
Average 0.81 £0.01 | 0.76 £+ 0.02 0.74 £ 0.02

Table 2. Performance of background mortality models for the eight studied species: average
AUC and standard errors for suppressed, small and large dominant tree subsets calculated
from a k-fold bootstrap (k = 1000).



3.2 Non-climate effects on background mortality

For all the species, the RelCirc and BA variables indicate considerable competition-
related effects on the suppressed tree subsets. The decreasing response curves to RelCirc
showed higher probabilities of background mortality for the most suppressed trees, ranging
between 10% (Fagus sylvatica) and 48% (Pseudotsuga menziesii, Quercus robur, Appendix
D). The probabilities of mortality strongly decreased for all the species when Relcirc is close to
one. Effects of B4 were also important on suppressed trees, increasing curves indicating higher
probabilities of mortality with large plot basal area (Appendix E). For the dominant tree
subsets, these competition-related effects were of low intensity (p < 0.05).

Gini (Appendix F) and PropBA (Appendix G) had effects both on suppressed and
dominant trees, with a lesser importance for the latter. The trends vary depending on species,
showing globally lower probabilities of mortality with pure stands. Coefficient values for all
the variables and each species are available in Appendix J.

33 Climate change-related effects

For the three subsets, the trends of T°Evo coefficients were clearly positive, with higher
values for the suppressed tree subset (Figure 2, average value of 0.10 + 0.03, and Appendix H
for the responses curves). T°Evo coefficients were lower for dominant small trees, (average
value of 0.08 & 0.08) and reached their minimum value for dominant large trees (average value
of 0.07 £ 0.10; Figure 2). This indicates an increasing probability of mortality in areas with
higher average temperatures that have experienced the most warming.

RfEvo coefficients were mainly negative, indicating increasing probabilities of
mortality in areas with lower reference rainfall that have recently experienced rainfall decreases
(Figure 2 and Appendix I for the response curves). This is particularly true for large dominant
trees (average value of -7.02 + 3.20) and, to a lesser extent, for small dominant trees (average
value of -3.72 £ 5.65), whereas no clear trends were visible for suppressed trees (average value
of 0.34 + 2.3).
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Figure 2. Coefficient values of T°Evo and RfEvo for the eight species and the suppressed, small
dominant and large dominant tree subsets. Each boxplot is composed of 8000 coefficient values
obtained with a k-fold bootstrap on each of the eight species (k = 1000). The per species version
of this figure is available in Appendix K and L, and the variable coefficients in Appendix J.

34 Climate change-related excess probability of mortality

In order to evaluate the combined effects of changes in temperature and rainfall, we
calculated the excess probability of mortality for each species compared to a climate change-
free context for the suppressed, small dominant and large dominant tree subsets. The excess
probability of mortality linked to recent climate change for suppressed trees (median =+2.56%;
mean = +3.22% [+ 2.14%]) was generally greater than for dominant small (median = +0.15%;
mean=0.07% [+ 0.53%]) and large trees (median = +0.08%; mean = +0.12% [+ 0.39%])
(Figure 3, values for each species are available in Appendix M).

To ensure that the differences in mortality between suppressed and dominant trees were
not related to tree size differences but rather to social status differences, we selected two subsets
of suppressed and dominant trees with equal average circumference (Appendix N and O). We
used the suppressed tree subset developed for the previous analysis and we sampled a dominant
tree subset with an average circumference equal to that of suppressed trees (Appendix N). We
obtained comparable results [median = +2.56% for suppressed trees, and +0.03% (+ 0.83%) for
dominant trees, Appendix O], demonstrating that the difference in modelled excess probability
of mortality between suppressed and dominant trees can be attributed to social status effects
and not to size effects.
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Figure 3. Over-mortality linked to climate change: combined temperature and rainfall
changes related to the excess of probability of mortality for the suppressed, small dominant
and large dominant tree subsets. It is calculated as the difference between predicted values for
the full model and a partial model where climate change-related effects have been set to 0. For
each model, all non-climate change-related variables were set to their mean value for all the
trees of the considered species, while qualitative variables were set to their most frequent value.

For each species, we mapped the climate change-related excess probability of mortality
for suppressed, small dominant and large dominant tree subsets (Figure 4). With the exception
of Abies alba, Picea abies and Pinus pinaster, for which the north-south gradient is greater for
dominant trees, mortality patterns of suppressed, small and large dominant trees were globally
similar, with a maximum excess probability of mortality at low altitudes or latitudes. Consistent
with the trends illustrated in Figure 3, maps of suppressed trees showed higher mortality rates
driven by climate change than those for either small or large dominant trees. While climate
change impact systematically leads to an increase in tree mortality for suppressed trees, it can
locally lead to a decrease for dominant trees in the coldest part of their distribution area.
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Figure 4. Excess probability of mortality resulted from combined effects of changes in
temperature and rainfall for the suppressed, small dominant and large dominant tree subsets.
When changes in temperature and rainfall lead to higher mortality, the excess mortality rate is
represented by warm colours, and by cold colours when they lead to lower mortality.



4 Discussion

We demonstrated that long-term changes in temperature and rainfall due to the recent
climate change increase background tree mortality for all the studied species, even if there are
different responses according to tree size and social status. As main results, we found a
significant over-mortality for suppressed trees mainly related to temperature increase, while
rainfall decrease impairs the dominant trees. These results emphasize that despite different
social status or size and although the trees were not exposed to the same water stress, they all
respond to climate change.

4.1 Combined effects of temperature and rainfall changes lead to over-mortality
for all of the species studied

After taking drivers related to competition and stand characteristics, including the
logging intensity effect, into account, we identified a statistically significant impact of recent
temperature and rainfall changes on background mortality for the eight studied species, leading
to an over-mortality for at least one of the studied subsets for each of them. The model
performances and the consistency of the response curves among the species suggest that, despite
the low number of dead trees for some subsets, the most important drivers were taken into
account. In agreement with existing knowledge, the over-mortality was attributed to increasing
temperatures and decreasing rainfall (McDowell et al. 2016). Some of the species, like Abies
alba and Quercus petraea, showed no climate change-related effects in previous studies carried
out in the same ecological context, but that considered all the tree sizes and social statuses
together (Taccoen et al. 2019). These results highlight the advantage of separating the different
tree statuses to assess forest vulnerability to climate change since some effects cannot be seen
when considering all the trees together. They were consistent with existing studies that show
high mortality rate increases in European Mediterranean and temperate forests (Carnicer et al.
2011, Senf et al. 2018), strongly correlated with temperature warming or droughts.

4.2 Over-mortality is especially severe in the case of suppressed trees

We found that the recent temperature and rainfall changes related to over-mortality were
greater for suppressed than for dominant trees. This result is in contrast with most of the existing
research that highlights more drought-induced mortality for large trees than for small ones
(Bennett et al. 2015, Stovall et al. 2019). However, suppressed trees were generally not
inventoried or not studied in these cases, which mainly focused on extreme drought event
effects instead of long-term evolutions of climate over many decades. The differences in the
stand characteristics, data collection and processing between studies also probably contribute
to explaining these differences (van Mantgem et al. 2009, Shenkin et al. 2018). Indeed, the
causes of observed mortality are manifold (stand evolution, climate warming, extreme drought
events, storm, wildfire, pests and diseases, etc.), and they can interact at different time and
spatial scales (Thorpe and Daniels 2012).



When excluding extreme events by focusing on background mortality only, and
removing mortality attributed to stand evolution, we demonstrated that suppressed trees are
more impaired than large ones for all of the studied species, whereas there is no great difference
in vulnerability between small and large dominant trees. Similar results were found in boreal
forests by Luo and Chen (2011) on permanent sampling plots covering a wide range of
development stages. These findings highlight the importance of disentangling the effects of tree
size and social status in tree mortality studies. They complement existing studies showing that
large trees were impacted by extreme drought events, demonstrating that small and particularly
suppressed ones were also affected by recent climate change effects, with potential impacts on
ecosystem services and forest regeneration.

Whereas few studies have focused on the impact of temperature or rainfall changes on
tree mortality according to stand structure, several studies have identified a reduction of tree
radial growth as a function of water stress that is greater for suppressed trees compared to
dominant ones. In the Alps, growth reductions consecutive to extreme drought episodes and
heat waves were greater for suppressed than for dominant Pinus sylvestris trees (Pichler and
Oberhuber 2007). In lowland French forests, growth reductions were also the greatest for
suppressed Quercus petraea trees in response to high summer soil water deficits (Trouvé et al.
2014). Similar results were also found for Pinus strobus and Picea abies (Martin-Benito et al.
2010). Most of the ecophysiological differences between suppressed and dominant trees,
including rooting depth, hydraulic constraints, xylem conductivity and gas exchange
mechanisms, appear to be mostly related to differences in tree height and circumference rather
than to social status. On the contrary, the canopy structured by dominant trees strongly controls
microclimate in the understorey, including temperature, rainfall, vapour deficit and light
availability (Aussenac 2000, Grote et al. 2016). Our results suggest that suppressed trees suffer
more from lack of water (shallower root systems), even if their crowns are exposed to lower
transpiration (Bréda et al. 1993). This was consistent with the similar hydraulic conductance
observed, regardless of the crown class, among Picea abies trees when they were well-watered,
but that underwent severe changes when submitted to rainfall exclusion (Granier et al. 1989).

We probably underestimated the temperature and rainfall changes related to tree
mortality due to logging intensity and the period concerned by this study. Because they were
preferentially harvested when mortality occurred, the proportion of dead dominant trees is
probably more underestimated in the inventory databases compared to suppressed trees. Even
if management intensity is taken into account in our models, the probability of mortality that
we calculated for the dominant and large trees is probably lower than the reality. Also, the
temperature and rainfall changes that induced over-mortality of dominant Picea abies, Abies
alba and Fagus sylvatica trees were of low magnitude. This result may come as a surprise since
Picea abies and Abies alba have experienced massive mortality due to bark beetle outbreaks in
recent years (Marini et al. 2017). However, the trees used for modelling here were collected
between the years 2009 and 2015, which corresponds to a period without an extreme drought
event and, consequently, a period of reprieve for bark beetle outbreaks in France (Gillette 2017).
Concerning Fagus sylvatica, while important range contractions were forecasted from species
distribution models for the coming decades (Dyderski et al. 2018), experimental studies showed
that this species was particularly resilient to severe water shortage and was able to sustain its
survival metabolism through allocation changes, even when exposed to two years of total water
deprivation (Chuste et al. 2019).



4.3 Climatic drivers of tree mortality differ according to tree size and social
status

We found that for each studied species, temperature increase led to more over-mortality
for suppressed rather than for dominant trees. Among dominant trees, we did not highlight any
major differences between small and large trees. The effect of rainfall decrease was the greatest
for dominant trees and, particularly, for the large ones, whereas lesser effects were visible for
the suppressed ones. These differences illustrate that trees are not exposed to the same water
deficit according to their size and their social status.

Rainfall and temperature both contribute to determining available water for trees
through the water balance, with a pronounced water shortage leading to tree mortality through
hydraulic failure or carbon starvation (Adams et al. 1995, Allen et al. 2015). Suppressed and
dominant trees are not exposed to the same environmental conditions. Dominant trees are
usually higher and have deeper coarse roots and a greater fine root biomass than understorey
trees, allowing access to higher water content and potentially delaying the date of water
shortage (Pretzsch et al. 2013, Grote et al. 2016). However, the sun-exposed crowns of large
trees with high leaf areas are exposed to higher potential evapotranspiration than suppressed
ones. Suppressed trees benefit from lower radiation, vapour pressure deficit, less wind and
buffered temperatures (Davis et al. 2019). For example, the analysis of paired temperature
measurements on five continents under canopy and in open areas showed differences that can
reach 5 or 10°C for maximal temperatures (De Frenne et al. 2019). Consequently, the canopies
of suppressed trees, which have limited total leaf area, are exposed to lower evapotranspiration,
and their transpiration is considerably lower than that of dominant ones (Bréda et al., 1993).
Granier et al. (1989) and Lu et al. (1996) reported that few differences in tree transpiration and
hydraulic conductance exist among tree statuses for several coniferous species and oaks under
well-watered conditions, whereas inter-tree variability sharply increases in the event of water
shortage.

For a similar stand, we demonstrated higher over-mortality when temperature increases
for suppressed trees compared to small or dominant ones. Higher temperatures reduce water
availability by increasing evaporation and transpiration. A major effect of temperature rather
than rainfall has already been demonstrated for radial growth in a similar ecological context
(Lebourgeois et al. 2014). The higher sensitivity to temperatures of suppressed trees compared
to small dominant ones suggests that for trees with a shallow root system, the canopy plays an
important role in a climate change context. This could be explained, for example, by differences
in adaptation in a context of rapid changes. Dominant trees experienced greater temperature
variations and can be more resistant to the recent warming than suppressed trees that benefit
from buffered temperatures. Local adaptation is considered to be able to counteract the effects
of extreme conditions (Lazaro-Nogal et al. 2016). The temperature increase for suppressed trees
can be exacerbated by a sudden increase in light availability if dominant trees are declining and
lose their leaves or their needles (Laurance and Williamson 2001).

The higher vulnerability to rainfall decrease of large dominant trees strengthens the
previous results in terms of growth reduction and over-mortality following extreme drought
events (Bennett et al. 2015). Since root biomass is correlated with tree height, leaf biomass and



light exposure (Cheng et al. 2005, Wutzler et al. 2008), it is difficult to disentangle it from the
effects related to tree size and social status. Our results suggest that the deeper and more
developed root system of large trees, which allows a better water uptake under water shortage,
does not compensate for their greater water need for transpiration due to large leaf area and
exposure to high potential evapotranspiration. With ongoing climate change, this impact of the
soil water deficit is expected to increase as a result of both increased evapotranspiration due to
warming and decreased rainfall, mainly in mid-latitude and subtropical dry regions (IPCC
2014). A study based on the physical modelling of water transfer in trees showed that tall trees
with specific functional traits (isohydric stomatal control, low hydraulic conductance, high leaf
area) are most likely to die from severe drought in the coming decades (McDowell and Allen
2015). These theoretical forecasts seem to be confirmed by the rapid increase of forest diebacks
observed worldwide in recent years (Crockett and Westerling 2018, Hirayama et al. 2019).

4.4 Conclusion

An increase in tree mortality has been observed in these last decades in different biomes.
Consequently, in a context where rising temperatures and the increased frequency and intensity
of droughts are expected, it is urgent to improve our understanding of the causes and the
mechanisms of these forest diebacks. The impact of climate change on tree mortality has been
demonstrated, but many questions about the intensity of changes in forest ecosystems and how
to cope with a drier and hotter climate remain answered. We showed that temperature and
rainfall change-related mortality does not concern only large trees but small dominant and
suppressed ones as well. The vulnerability of suppressed trees that suffer from shallow root
system could be exacerbated by transpiration increase due to large tree removal during
harvesting. Our results suggest that climate change could not only affects wood production, but
also has an influence on forest renewal, a key parameter for anticipating changes in tree species
composition, with possible cascading implications on the ecosystem services provided.
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APPENDIX



Abies alba - Suppressed trees Abies alba - Small trees Abies alba - Large trees
24 cm <= Circ < 151 26 cm <=Circ <118 118 <=¢13 <207

Picea abies - Suppressed trees Picea abies - Small trees Picea abies - Large trees
24 cm <= Circ < 146 26 cm <= Circ < 104 104 <=¢13 <223

Pinus pinaster - Suppressed trees Pinus pinaster - Small trees Pinus pinaster - Large trees
24 cm <= Circ < 151 26 cm <= Circ < 103 103 <= ¢13 < 262

Pinus sylvestris - Suppressed trees Pinus sylvestris - Small trees Pinus sylvestris - Large trees
24 cm <= Circ < 126 26 cm <= Circ < 88.5 88.5<=c13 <166




seudotsuga menziesii - Suppressed trees  Pseudotsuga menziesii - Small tress Psaudotsuga menziesi - Large Irees
24 em <= Circ < 161 26 cm <= Circ <107 107 <=c13<= 176

Fagus sylvatica - Suppressed trees Fagus sylvatica - Small trees Fagus sylvatica - Large trees
24 em<s Cirg < 158.290000000001 26 em <= Circ < 98 O <= 13 < 245

%

Cluercus pefraea - Suppressed trees Quercus petraea - Small trees Quercus pefraea - Large trees
24 em <= Girg <171 26 cm <= Circ < 103 103 <= g13 < 214

Quercus robur - 3uppressed trees Quercus robur - Small trees Quercus robur - Large trees
24 em == Cirg < 167 26 cm <= Circ = 114 114 <=c13 <238

Appendix A: For the eight species studied, location of the plots on which the species is
present (grey dots) and with at least one dead tree (black dots), for the suppressed, small and
large dominant tree subsets.



Live
Dead

Live
Dead

Live
Dead

Live
Dead

Abies alba

Suppressed Dominant - Small _Dominant - Large

7729

5470

7818

187

26

26

Pinus pinaster

Suppressed Dominant - Small_Dominant - Large

4818

4691

5698

170

45

47

Pseudotsuga menziesii
Suppressed Dominant - Small_Dominant - Large

3468 2972 3611
191 20 22
Quercus petraea
Suppressed Dominant - Small _Dominant - Large
10658 11298 15194
500 30 30

Live
Dead

Live
Dead

Live
Dead

Live
Dead

Picea abies
Suppressed Dominant - Small_Dominant - Large
7203 6000 7839
376 54 56

Pinus sylvestris

Suppressed Dominant - Small_Dominant - Large

6722

6945

9432

423

149

148

Fagus sylvatica

Suppressed Dominant - Small_Dominant - Large

16876 9342 13543
296 25 24
Quercus robur
Suppressed Dominant - Small _Dominant - Large
9467 11258 15524
547 76 76

Appendix B: Number of live and dead trees for suppressed, small and large

dominant trees per species.
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Appendix C: Changes between 1961 and 2015. (a) for temperature (°C); (b) for rainfall (mm).
The period 1961-1987 was considered as the reference period before temperature increase.
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Appendix D: Modelled probability of background mortality as a function of relative tree
circumference (RelCirc) for the suppressed, small dominant and large dominant tree subsets.
We varied the RelCirc variable, whereas the other model variables were set to their average
values. Dashed lines are shown when the variable was not significant (p > 0.05). abal = Abies
alba, piab = Picea abies, pipi = Pinus pinaster, pisy = Pinus sylvestris, psme = Pseudotsuga
menziesii, fasy = Fagus sylvatica, qupe = Quercus petraea, quro = Quercus robur.
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Appendix E: Modelled probability of background mortality as a function of plot
basal area (BA) for the suppressed, small dominant and large dominant tree
subsets. We varied the BA variable, whereas the other model variables were set to
their average values. Dashed lines are shown when the variable was not significant
(p > 0.05). abal = Abies alba, piab = Picea abies, pipi = Pinus pinaster, pisy =
Pinus sylvestris, psme = Pseudotsuga menziesii, fasy = Fagus sylvatica, qupe =
Quercus petraea, quro = Quercus robur.
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Appendix F: Modelled probability of background mortality as a function of
the Gini coefficient for the suppressed, small dominant and large dominant
tree subsets. We varied the Gini variable, whereas the other model variables
were set to their average values. Dashed lines are shown when the variable
was not significant (p > 0.05). abal = Abies alba, piab = Picea abies, pipi =
Pinus pinaster, pisy = Pinus sylvestris, psme = Pseudotsuga menziesii, fasy
= Fagus sylvatica, qupe = Quercus petraea, quro = Quercus robur.
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Appendix G: Modelled probability of mortality as a function of the
proportion of basal area (PropBA) occupied by the species on the plot for the
suppressed, small dominant and large dominant tree subsets. We varied the
PropBA variable, whereas the other model variables were set to their average
values. Dashed lines are shown when the variable was not significant (p >
0.05). abal = Abies alba, piab = Picea abies, pipi = Pinus pinaster, pisy =
Pinus sylvestris, psme = Pseudotsuga menziesii, fasy = Fagus sylvatica, qupe
= Quercus petraea, quro = Quercus robur.
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Appendix H: Modelled probability of background mortality as a function of
temperature evolution for the vegetation period (T°Evo) for the suppressed,
small dominant and large dominant tree subsets. We varied the T°Evo
variable, whereas the other model variables were set to their average values.
Dashed lines are shown when the variable was not significant (p > 0.05). abal
= Abies alba, piab = Picea abies, pipi = Pinus pinaster, pisy = Pinus
sylvestris, psme = Pseudotsuga menziesii, fasy = Fagus sylvatica, qupe =
Quercus petraea, quro = Quercus robur
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Appendix I: Modelled probability of background mortality as a function of
rainfall evolution for the vegetation period (Rf°Evo) for the suppressed, small
dominant and large dominant tree subsets. We varied the Rf°Evo variable,
whereas the other model variables were set to their average values. Dashed
lines are shown when the variable was not significant (p > 0.05). abal = Abies
alba, piab = Picea abies, pipi = Pinus pinaster, pisy = Pinus sylvestris, psme
= Pseudotsuga menziesii, fasy = Fagus sylvatica, qupe = Quercus petraea,

quro = Quercus robur




Abies alba Picea abies
Suppressed Dominant - small Dominant - large Suppressed Dominant - small Dominant - large
coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval
(Intercept) -4.82 NA -35.06 NA -8.62 NA -3.15 NA -7.33 NA -1.57 NA
RelCirc -5.81 p<0.0001| 4.70 p<0.05 -0.55 p=0.26 -6.96 p<0.0001| 9.20 p=0.46 -1.75 p=0.66
RelCirc? -0.53 p=0.63 -1.09 p=0.34 0.20 p=0.72 1.50 p=0.52 -3.89 p=0.36 0.38 p=0.08
BA 0.04 p<0.0001| 0.02 p=0.09 0.03 p=0.25 0.01 p<0.0001| -0.04 p=0.43 -0.08 p <0.05
BA? 0.00 p=04 0.00 p=0.34 0.00 p=0.6 0.00 p=0.73 0.00 p=0.39 0.00 p=0.18
Trails -0.16 p=0.62 -0.67 p<0.05 0.88 p=0.18 0.01 p=0.21 0.40 p=03 0.14 p=0.74
Trails_Coeff2 0.08 NA 0.59 NA -0.01 NA 0.35 NA 0.29 NA -0.04 NA
PropBA 6.51 p<0.001| -0.40 p=0.14 435 p=0.06 3.51 p=0.28 -2.61  p<0.0001| 3.66 p <0.001
PropBA? -4.59  p<0.001| -0.73 p=0.52 -5.64 p=0.18 -3.28 p<0.0001| -1.44 p=0.46 -5.23 p<0.05
Gini -0.29 p=044 | 20462 p=0.36 24.71 p=0.6 1646 p=0.34 11.06 p=0.7 13.26 p=0.29
Gini? -1.13 p=0.69 | 40449 p<0.001 | -58.55 p=02 -36.20  p<0.001 | -23.03 p=049 | -43.74 p=0.17
T°Evo 0.10 p<0.01 0.06 p=0.7 0.00 p=0.63 0.07 p<0.01 -0.07 p=0.41 -0.02 p=0.33
RfEvo 1.16 p=058 | -10.75 p<0.01 -9.54 p <0.05 0.62 p=0.64 3.11 p=0.43 -9.77 p<0.01
Pinus pinaster Pinus sylvestris
Suppressed Dominant - small Dominant - large Suppressed Dominant - small Dominant - large
coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval
(Intercept) 3.17 NA 6.22 NA -1.82 NA 1.43 NA -4.36 NA -0.18 NA
RelCirc -16.48 p<0.0001| -8.21 p<0.05 -0.28 p=046 | -10.15 p<0.0001| -1.45 p<0.01 -1.69 p=0.07
RelCirc? 6.64 p=0.21 2.05 p<0.05 -0.05 p=02 4.17 p<0.05 0.40 p=0.45 0.27 p=0.36
BA 0.10 p<0.0001| -0.13 p<0.05 -0.07  p<0.001 0.02 p<0.0001| -0.08 p<0.001 -0.08  p<0.0001
BA? 0.00 p=0.18 0.00 p<0.01 0.00 p=0.36 0.00 p=0.66 0.00 p=0.17 0.00 p=0.14
Trails -0.05 p <0.05 0.31 p=0.57 0.94 p=0.05 -0.11 p=0.23 0.04 p<0.0001 0.04 p<0.05
Trails_Coeff2 -0.99 NA -0.45 NA 0.05 NA 0.27 NA 0.87 NA 0.44 NA
PropBA 569 p<0.0001| -393 p<0.0001 049  p<0.0001 338 p<0.0001| -1.25 p<0.0001| -5.65 p<0.0001
PropBA? -8.50  p<0.0001| -0.91 p=03 -4.75 p=0.12 -4.60 p<0.0001| -2.15 p=0.1 1.90 p=0.22
Gini 5.03 p<0.01 8.15 p=0.19 8.57 p=0.51 -2.97 p<0.05 39.46 p=0.55 7.10 p=0.71
Gini? -23.33  p=0.09 -8.71 p=0.65 2475  p=035 1.53 p=076 | -9125 p<0.001| -1472 p=0.28
T°Evo 0.07 p=0.48 -0.01 p=047 0.00 p=0.54 0.05 p=0.06 0.01 p=0.69 0.06 p=0.46
RfEvo 6.76 p<0.01 3.51 p=0.41 -3.13 p=0.41 -0.89 p=0.31 -4.02 p<0.01 -7.72 p<0.0001
Pseudotsuga menziesii
Suppressed Dominant - small Dominant - large
coeffs pval coeffs pval coeffs pval
(Intercept) -5.34 NA -14.78 NA -10.92 NA
RelCirc -11.08  p<0.0001 0.72 p=0.47 -2.64 p<0.05
RelCirc? 2.66 p=0.72 -0.63 p=10.66 -0.54 p=0.54
BA 0.04 p <0.001 0.02 p=0.1 0.05 p=0.13
BA? 0.00 p=0.44 0.00 p=0.69 0.00 p=0.72
Trails -0.15 p=0.44 -0.11 p=0.48 0.52 p=0.38
Trails_Coeff2 0.25 NA -15.18 NA -13.79 NA
PropBA 10.15 p=0.11 0.88 p <0.05 16.68 p<0.05
PropBA? <778  p<0.0001| -2.19 p=0.23 -16.06 p<0.05
Gini 18.16 p=0.53 26.21 p=0.13 -25.45 p=0.69
Gini? -39.41 p<0.05 -38.80 p=0.46 62.75 p=0.33




Fagus sylvatica

Quercus petraea

Suppressed Dominant - small Dominant - large Suppressed Dominant - small Dominant - large
coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval coeffs pval
(Intercept) -7.59 NA -3.46 NA -2.42 NA -1.76 NA -2.83 NA -4.33 NA
RelCirc -549  p<0.0001 -4.05 p=0.56 -0.84 p=0.34 218  p<0.0001 -6.74 p=0.64 -0.38 p=0.67
RelCirc? 1.03 p=0.72 1.03 p=0.31 0.14 p=04 -6.77  p <0.0001 1.91 p=0.16 -0.06 p=0.7
BA 0.01 p<0.05 -0.02 p<0.05 -0.04 p=0.65 0.07 p<0.0001  0.05 p=0.67 -0.05 p=0.66
BA? 0.00 p=0.47 0.00 p=0.57 0.00 p=0.47 0.00 p<0.01 0.00 p=0.43 0.00 p=0.33
Trails 035 p<0.0001 0.08 p=0.06 -0.03 p<0.01 0.27 p<0.01 -0.07 p=0.44 0.02 p=0.76
Trails_Coeff2 0.79 NA 0.64 NA 1.36 NA 0.17 NA 0.48 NA -0.69 NA
PropBA 547  p<0.0001 -0.10 p<0.05 -2.15 p=0.38 8.02 p <0.05 -0.21 p=0.1 -4.78 p<0.01
PropBA? -3.82  p<0.0001 -2.10 p=0.51 0.80 p=0.61 -6.62  p<0.0001 -0.82 p=0.62 2.25 p=0.41
Gini 26.97 p <0.05 9.50 p=0.32 -6.47 p=0.56 9.20 p=0.69 -4.84 p=0.18 -4.03 p=0.34
Gini? -58.85 p<0.0001 -28.07 p=042 16.86 p=059 | -19.09 p<0.05 19.35 p=0.5 15.53 p=0.53
T°Evo 0.10 p<0.01 0.08 p=0.54 -0.05 p=0.38 0.11 p<0.0001  0.12 p=0.23 0.11 p=0.28
RfEvo -6.57 p<0.0001 -1837 p<0.001 -12.65 p<0.05 -0.60 p=0.61 -4.35 p=0.37 -8.23 p=0.16
Quercus robur
Suppressed Dominant - small Dominant - large
coeffs pval coeffs pval coeffs pval
(Intercept) -6.83 NA -4.21 NA -5.43 NA
RelCirc -342  p<0.0001| -1.21 p=0.46 -0.30 p=0.19
RelCirc? -1.59 p<0.05 0.25 p=0.65 -0.10 p=0.15
BA 0.12  p<0.0001| -0.07 p=0.64 -0.03 p=0.2
BA? 0.00 p<0.0001| 0.00 p=0.22 0.00 p=0.73
Trails 0.17 p=0.24 -0.31 p=0.65 0.07 p=0.71
Trails_Coeff2 0.00 NA -0.24 NA -0.33 NA
PropBA 5.59 p<0.05 -1.76  p<0.0001| -2.31 p<0.001
PropBA? -4.89  p<0.0001{ -0.86 p=0.49 -0.01 p=0.69
Gini 11.29 p=0.18 0.06 p<0.05 6.16 p=0.1
Gini? -20.05  p<0.05 9.45 p=0.61 -2.98 p=0.73
T°Evo 0.12 p <0.001 0.11 p=0.08 0.09 p=0.14
RfEvo 2.37 p=0.06 -3.14 p=0.32 -0.76 p=0.71

Appendix J:
background mortality models for the suppressed, small dominant and large
dominant trees subsets. Values were averaged from k-fold bootstraps (k =

1000).

Coefficients and p-values for the variables used in the
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Appendix K:: Coefficients of temperature evolution for the vegetation period
(T°Evo) for the eight species and the suppressed, small dominant, and large
dominant tree subsets. Each boxplot is composed of 1000 coefficient values
obtained with a k-fold bootstrap on each of the eight species (k = 1000). A
positive value indicates an increasing probability of mortality in areas with
warmer average reference temperatures from April to August, and that have
experienced the most warming.
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Appendix L: Coefficients of rainfall evolution for the vegetation period
(Rf°Evo) for the eight species and the suppressed, small dominant, and large
dominant tree subsets. Each boxplot is composed of 1000 coefficient values
obtained with a k-fold bootstrap on each of the eight species (k = 1000). A
negative value indicates an increasing probability of mortality in areas with
lower reference rainfall from April to August, and that have experienced the
most rainfall decreases.
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Appendix M: Excess probability of mortality (%) attributed to combined
temperature and rainfall changes for the suppressed, small dominant
and large dominant tree subset. The climate change-related excess
probability of mortality is calculated as the difference between predicted
values for the full model and a partial model where climate change-related
effects have been set to 0. In order to assess the importance of the climate-
change effects on tree mortality, all non-climate change-related variables
were set to their mean value for all the trees of the considered species, while
qualitative variables were set to their most frequent value.
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Appendix N: Selection of two subsets of suppressed and dominant trees with
equal average circumference to ensure that the differences in mortality were
related to differences in social status: circumference (in cm) of the suppressed
tree subset (light grey boxes), and small dominant tree subset (medium grey
boxes). The dotted line represents the mean circumference value of all the
trees in the considered box. The upper limit of the light grey and medium grey
boxes represents the 1% and the 99" percentile of the distribution.
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Appendix O: Excess probability of mortality (%) due to combined
temperature and rainfall changes for the suppressed and small dominant
tree subsets with equal mean circumference. It is calculated as the
difference between predicted values for the full model and a partial model
where climate change-related effects have been set to 0. For each model, all
non-climate change-related variables were set to their mean value for all the
trees of the considered species, while qualitative variables were set to their
most frequent value.



