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Abstract

Understanding the processes that underlie drought-related tree vitality loss is essential for
anticipating future forest dynamics, and for developing management plans aiming at
increasing the resilience of forests to climate change. Forest vitality has been continuously
monitored in Europe since the acid rain alert in the 1980s, and the intensive monitoring plots
of ICP Forests offer the opportunity to investigate the effects of air pollution and climate
change on forest condition. By making use of over 100 long-term monitoring plots, where
crown defoliation has been assessed extensively since 1990, we discovered a progressive
shift from a negative to a positive effect of species richness on forest health. The observed
tipping point in the balance of net interactions, from competition to facilitation, has never
been reported from real ecosystems outside experimental conditions; and the strong temporal
consistency of our observations with increasing drought stress emphasizes its climate change
relevance. Furthermore, we show that higher species diversity has reduced the severity of
defoliation in the long-term. Our results confirm the greater resilience of diverse forests to
future climate change-induced stress. More generally, they add to an accumulating body of
evidence on the large potential of tree species mixtures to face manifold disturbances in a

changing world.
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Introduction

Disturbances are inherent to forest dynamics and contribute to forest resilience (Seidl et al.,
2014). Drought, fire, insect and disease outbreaks are all predisposing factors that weaken or
kill trees but at the same time can favor tree regeneration and foster diversity, pulling forests
toward a shifting mosaic steady state (Bormann & Likens, 1979). Notwithstanding this,
anthropogenic climate change is likely to alter this regime in ways that can push ecosystems
past tipping points (Dale et al., 2001; Millar & Stephenson, 2015). Recently, widespread
drought-induced die-off events have been observed in forests around the world (Allen et al.,
2010), resulting in decreased productivity and ecosystem uptake of atmospheric carbon. For
instance, the extreme drought that parched Europe in 2003 led to the lowest productivity of
and carbon storage in Europe's forests during the last century (Ciais et al., 2005). This
underlines the urgent need to detect, understand, and predict potential declines in the health

and productivity of forest ecosystems (Trumbore et al., 2015).

Previous experimental (Williams et al., 2017) and observational (Liang et al., 2016) research
has demonstrated the importance of tree species mixtures for increasing ecosystem
productivity. Tree diversity has also been shown to enhance resistance to pest outbreaks
(Jactel & Brockerhoff, 2007; Guyot et al., 2016), but whether or not diverse forests are also
better adapted to address drought stress is less clear. Extreme or prolonged droughts can
trigger a variety of forest physiological responses, such as reduced radial growth and
increased crown defoliation, potentially leading to extensive tree mortality (Carnicer et al.,
2011). Some studies have reported that mixed-species forests are more resistant and resilient
to drought stress (Pretzsch et al., 2013a; Gazol et al., 2016), but this is not a general pattern
(Grossiord et al., 2014; Forrester et al., 2016). In fact, multiple types of interactions can

occur simultaneously in mixtures, and these interactions are dynamic, changing through
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space and time (Forrester, 2014). Most studies have considered a switch in the net
interactions from competition to facilitation with increasing environmental stress as primary
evidence supporting the stress-gradient hypothesis (Bertness & Callaway, 1994; Maestre et
al., 2009), but few studies have considered the duration or frequency of the stress factor over
time. Our analysis is, to our knowledge, the first to test the importance of species diversity for
the maintenance of the health and vitality of forest ecosystems along a temporal stress

gradient.

Here, we present a temporal analysis of changes in forest condition based on annual
assessments of crown defoliation of beech (Fagus sylvatica L.) and sessile and pedunculate
oaks (Quercus petraea (Matt.) Liebl. and Quercus robur L.). We aimed to test the influence
of tree species richness on tree defoliation in relation to drought stress. We hypothesized that
(i) the severity of tree defoliation increases with increasing water stress and that (ii) an
increase of species richness is able to mitigate the negative impact of drought on forest
vitality, mainly through the complementary use of resources. We tested these hypotheses
using data from the Belgian plots of the International Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests). ICP Forests is
the largest forest monitoring network in Europe dedicated to assessing the status and
development of forest condition at the European scale (Lorenz, 1995; Lorenz & Fischer,

2013).
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Materials and methods

Study area and crown condition assessment

In this study, we analyzed the temporal variation in the defoliation of Fagus sylvatica
(common or European beech), Quercus petraea (sessile oak), and Quercus robur
(pedunculate oak). The study was carried out in Belgium using data from the European ICP
Forests program. In ICP Forests, crown condition is annually assessed using harmonized
methods (Eichhorn et al., 2016), which includes assessments of defoliation, damage causes
and mortality as well as stem diameter. Defoliation is defined as the loss of foliage in relation
to a reference tree, according to a scale with 5% intervals from 0 to 100%, regardless of the
cause of foliage loss. Due to the subjectivity associated with the visual assessment of
defoliation (Innes et al., 1993; Ferretti, 1998), training courses are organized every year in
order to ensure spatial and temporal data consistency. The annual training courses take place
before commencing the field data collection, during the summer months, and the results are
discussed in the field (see SM for details). Regular training courses are believed to minimize
the subjectivity of the assessments and the variation among individual observers

(Eickenscheidt & Wellbrock, 2014).

The network of ICP Forests plots is organized into two levels of monitoring (Level | and
Level Il) (Ferretti, 2013). Level I involves large-scale monitoring of the spatial and temporal
variation of forest condition. Level Il aims at understanding the cause-effect relationships
between the condition of forest ecosystems and stress factors. In Belgium, the Level I survey
was originally conducted on a 4 km x 4 km and 8 km x 8 km grid. In each plot, a
cross-cluster sampling was used to select 4 groups with 6 trees. If a monitored tree died, due
to either anthropogenic or natural causes, it was replaced within the plot to ensure a

continuous sample size over the time period of assessment. In 2009, circular plots (radius 18
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m) were installed and from 2012 on, sample trees have been selected only in these circles.
Level Il plots consist of a fenced core area of 0.5 ha surrounded by a 20 m buffer area. In the
Level I network, defoliation has been assessed since 1987, whereas in the Level 11 network,
defoliation assessments started in 1995. The initial dataset consisted of 114 Level I plots and
5 Level Il plots (Table 1). Plots were selected according to the following criteria: the
presence of the study species (i.e. beech or oak trees); having been assessed at least five times
over the study period. Percentage of plot defoliation was estimated by averaging the values of
percentage of defoliation determined for the plot trees. Only plots with a minimum of five
assessed individuals per tree species were considered for the determination of defoliation at
the plot level. Using the abovementioned criteria, we studied 2,710 trees during the 26-year
study period, from 1990 to 2015, resulting in a total of 37,800 observations (trees x years)

available for analysis (see Table S1 for the number of plots and trees monitored in each year).

Stand attributes and drought index

In each plot, the stem diameter at 1.3 m was measured for all trees with diameter > 7 cm.
These diameters were used to calculate the basal area (m? ha™) of each species in each plot
and hence the total plot basal area (BA). Most stands (approximately 90%) are even-aged
with limited (10-year thinning cycle) or no management activity (Table 1). Species richness
(SR) was determined as the number of tree species in each plot, ranging from monocultures
to a maximum of five species. To avoid class imbalance, mixtures of four and five species
were grouped together and a gradient of species richness with four levels was used for all the

plots.
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Species diversity (SD) was quantified using Shannon’s index, which combines both species
richness and evenness, based on the basal area of each target species within a plot. It is
noteworthy that not all plots were monitored since the beginning of the program, nor were
they revisited every year. Hence 2011, when most of the plots (89%) were simultaneously
surveyed, was used as a reference year to describe the structure and diversity of each plot.
Functional diversity (FD) was measured as functional dispersion, using leaf dry matter
content (LDMC), specific leaf area (SLA) and xylem vulnerability to cavitation of the tree
species present in a plot. Trait values were obtained from the TRY database (Kattge et al.,
2011). FD was calculated as the mean distance of each species, weighted by its relative
abundance, to the centroid of all species in a multidimensional trait space (Laliberté &

Legendre, 2010).

Climate data were obtained from the FORBIO Climate dataset. Details of the data quality
procedures applied to the meteorological observations to generate this climate data set are
described in Delvaux et al. (2015). Daily temperature and precipitation were summarized at
monthly intervals from 1980 to 2015. Potential evapotranspiration was calculated according
to Hargreaves equation (Hargreaves, 1994), using mean monthly temperature and monthly
temperature range. Based on the difference between precipitation and potential
evapotranspiration, we calculated the Standardized Precipitation Evapotranspiration Index
(SPEI) using the SPEI-package in R (Vicente-Serrano et al., 2010). SPEI is a multi-scalar
drought index that accounts for the influences of precipitation deficit and atmospheric
evaporative demand on drought severity and can be used to identify water deficits and surplus
conditions for a given period of time at monthly intervals. The average value of SPEI is 0,
meaning that for a certain period of time (e.g., from June to August) the climatic water

balance (precipitation — potential evapotranspiration) is equal to the long-term average of the
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1980-2015 base period. Positive values indicate conditions of above-normal wet conditions,
whereas negative values identify dry situations. SPEI values between 0.67 and —0.67 are
considered normal, whereas values < —0.67 indicate drought and values < —1.28 indicate

severe drought (Isbell et al., 2015).

Soil characteristics were retrieved from the digital soil map of Belgium (Dondeyne et al.,
2014). The data set covers the two ecoregions of Belgium: the lowlands (41 plots) located to
the north of the Sambre and Meuse rivers in the maritime climate zone and the uplands (78
plots) to the south of this axis, with hilly topography in the sub-continental climate zone. In
the lowlands, soils are deeper (>1 m) and composed of silt loam and/or sand in different
proportions. In the uplands, soils are shallow and can be sandy, loamy or clayey with a high

stone content.

Topographic variables (terrain aspect, curvature, elevation and slope) were extracted from a
LiDAR-derived digital terrain model at a spatial resolution of 1 m (AGIV, 2015; SPW,
2015). LiDAR point clouds were subjected to a strict geometric quality control,

planimetrically (RMSExy = 1 m) and altimetrically (RMSEz = 0.1 m).

Statistical analysis

We used linear mixed-effects models to test the hypothesized relationships between tree
species richness and drought effects on crown defoliation. The mean percentage of
defoliation per plot per species was used as response variable (after log transformation).
Since the log-transformation is not capable of handling the values 0% (not defoliated) and
100% (dead), these values were treated as 1.0 and 99.9%, respectively (the value 99% was

already reserved for trees that were completely defoliated but not dead). Defoliation was then
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modeled as a function of (i) species identity (accounting for variation in defoliation among
species); (ii) species richness; (iii) stand basal area (to account for the effects of stem density
and competition on tree defoliation), age class distribution (even-aged, uneven-aged), and
management type (high forest, coppice without standards, coppice with standards); (iv)
drought severity (quantified using the Standardized Precipitation Evapotranspiration Index,
SPEI); (v) an interaction term between species identity, species richness, and the year of
observation (to determine whether species richness effects on tree defoliation vary among
species over the years); and (vi) an interaction term between species identity and SPEI

(testing whether drought impacts on defoliation vary among species):

log(DFLi,j) = Bo + By SP; + B, SR; + B3 BA; + B, Agej + Bs Management; +
Bs SPEL; + PBg [SP; X SR; X Yearj| + Bo [SP; X SPEL;| + €;

where DFLj; is the defoliation of species i in plot j; SP is a categorical variable
encoding for the identity of species i in plot j; SR; is the species richness of plot j; BA;, Age;
and Management; are, respectively, the stand basal area, the stand age structure and their
management type; SPEI; is a measure of drought in plot j; Year; is a continuous variable and
Is interpreted as the underlying annual change in defoliation rate during the study period
within each of the j plots; B8,-B, are parameters to be estimated from the data (i.e., intercept

and slope coefficients); and g; is the residual error.

In all models, plot identity and plot cluster were included as random factors to account for the
nested structure of the data (several trees located within each plot, which are themselves

clustered together within known forest management units). Plot cluster is a categorical
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grouping variable that has four levels, used to identify the more or less homogeneous clusters
of plots with respect to who carried out the assessment of crown condition (survey teams).
Hence, this variable also accounts for systematic differences between the two levels of the
monitoring network (Level | and Level Il) and differences within the network of plots in
Belgium (Flanders and Wallonia). To address the potential temporal autocorrelation in the
data, we specified an autoregressive correlation structure [ARMA(2,0)], by inspecting the
autocorrelation function (ACF) of the residuals (Zuur et al., 2009). We also fit models in
which we accounted for a number of confounding factors that could conceivably alter the
response of trees to mixing and drought (precipitation, minimum and maximum temperature
during the growing season, soil type and topography), with effectively no change in the
findings (see Table S2 for a full list of models that were compared). Additionally, we fitted
models that included species diversity and functional diversity indices as factors in the model.
As these models yielded a worse fit to the data, but led to similar results, we focused on the

parameter estimates obtained from the model including species richness.

We started by fitting a null model (i.e., an intercept-only model) and then observed how
progressively increasing model complexity, by adding each predictor in turn, affected AIC
values (Table S2). Model selection was then done by ranking the models by their AICc
(Akaike’s Information Criterion with small sample size correction), and the AICc weight
(wAICc), which varies from 0 (no support) to 1 (complete support). Goodness of fit was
estimated using marginal and conditional R? which allow for assessing the predictive

capacity of mixed-effects models (Nakagawa & Schielzeth, 2013).
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Analyses were conducted in R 3.4.3 (R Development Core Team, 2017), using the following
libraries: vegan (Oksanen et al., 2017), Ime4 (Bates et al., 2015), ImerTest (Kuznetsova et al.,
2016), nlme (Pinheiro et al., 2018), and MuMIn (Barton, 2016). The predicted interactions

were plotted using the sjPlot package (Ludecke, 2016).

Results

Crown defoliation and drought stress

An increasing trend in defoliation was observed over the period 1990-2015 in the forest
stands studied (Fig. 1). The overall upward trend was particularly pronounced at the end of
the period of assessment. The increase in defoliation was statistically significant for all three
species examined (P < 0.001), with peak values occurring in 2012 for Q. petraea and Q.
robur and in 2014 for F. sylvatica. Another yet smaller peak is evident between 2003 and

2005, likely connected with the dry hot summer of 2003.

Next, we tested the occurrence and magnitude of drought effects using the multiscalar SPEI
metric (Vicente-Serrano et al., 2010). We observed a significant increase in the number of
dry years since 1980, as well as an increase in the frequency of months classified as moderate
or extreme drought events (Fig. 2). Considering the possible lag in the response of tree
defoliation to drought (Anderegg et al., 2013; Vicente-Serrano et al., 2013), we carried out a
correlation analysis between the annual mean defoliation at plot level and the SPEI calculated
at time scales between 1 and 24 months for the months prior to the survey (crown condition
surveys are carried out every year in July and August). In this study, the highest correlations
were found for the months of March, April and May for SPEI scales longer than 12 months,
spanning nearly 2 years (Fig. S1). The relationship between crown defoliation and SPEI

reached the strongest negative correlation by May and when accounting for the water balance
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of the previous 21 months (hereafter SPEl,1.may). This correlation was weak but significant (r

=-0.15, P < 0.001; Fig. S1).

Diversity effects on drought-induced defoliation

Species interactions are dynamic and can change through time. Accordingly, we examined
the temporal pattern of defoliation along the tree species richness gradient present in the data
(Fig. 3). Our results show that, at the beginning of the study period, defoliation levels were
significantly higher in mixtures than in pure stands. However, this trend has progressively
shifted towards lower defoliation levels at higher species richness levels. The turning point
occurred around the year 2010, following a period of steady increase in defoliation. For
example, the average of annual values increased from 16% in 2008 to 31% in 2012.
Furthermore, before 2010, the average defoliation in monocultures (SR = 1; N = 38 plots)
was 15%, whereas in mixtures (SR > 4; N = 16) was 18%. After 2010, the average defoliation
in monocultures rose to 26%, whereas in mixtures this dropped to 19%. This pattern is
consistent among the three studied species, with minor differences in the timing and

magnitude of the shift (Fig. S2).

To further quantify the factors associated with the observed patterns of defoliation, we
modeled crown defoliation as a function of tree species richness and drought stress from
1990-2015 (Table 2). Including stand-level variables as covariates in the regression model,
such as the stand basal area, age class distribution and the type of management, improved the
variance explained (see AIC values in Table S2), though not all of them reached statistical
significance. This may reflect the homogeneity of management practices, or lack of them,
among the study plots at both temporal and spatial level (see Supplementary Note 1 for a

discussion on the role of age). Conversely, both species richness and species identity were
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found to be significant predictors of crown defoliation (P < 0.05). The severity of defoliation
may thus depend on the identity of the tree species concerned, including its competitive
ability and drought tolerance. Additionally, the effect of drought on crown defoliation
differed substantially between the three species (i.e., interaction between species identity and
SPEl»1.may). For F. sylvatica and Q. petraea, the mean defoliation level is, respectively, 38%
and 39% higher following dry years than wet years (Fig. 4a). These differences are
statistically significant (P < 0.001). The highest average defoliation was found in trees of Q.
robur in both monocultures and mixtures. For F. sylvatica and Q. petraea, the overall
increase in defoliation level during the study period was markedly more pronounced in the

low-diversity plots (SR < 2) than in high-diversity plots (SR > 3) (Fig. 4b).

Discussion

Drought stress as a trigger for increased levels of defoliation

Crown defoliation has been found to vary considerably across species and environments
(Michel & Seidling, 2017). Furthermore, the visual assessment of tree defoliation is
susceptible to a number of different sources of error, e.g. observer bias, which could
influence the reliability of the results (Ferretti, 1998). To counteract this limitation, regular
training courses and quality assurance and control procedures have been progressively
implemented (in Belgium as elsewhere) to improve the quality of the data and maximize the
temporal and spatial comparability of results (see Bussotti et al.(2009) and Eickenscheidt &
Wellbrock (2014) for examples of these). In the present study, we observed an increasing
trend in defoliation over the period of assessment, which coincides with the trend observed in
other European countries, especially in southern Europe (Carnicer et al., 2011; de la Cruz et

al., 2014; Bussotti et al., 2018). As such, although we cannot completely rule out the
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possibility of bias due to subjectivity in the visual assessment, these long-term trends are

unlikely to be due to the effects of observer errors in assessed defoliation data.

Among the biotic and abiotic factors that drive forest defoliation, water availability is often
the most limiting factor in many forest ecosystems (Bréda et al., 2006). Drought is a natural
phenomenon characterized by the prevalence of low water availability during longer periods
as a consequence of reduced precipitation, increased atmospheric evaporative demand or both
(Trenberth et al., 2013). There is growing evidence that drought impacts have increased
considerably in recent decades (Schwalm et al., 2017). In addition, projected changes in both
precipitation and temperature over the 21st century suggest a general decrease in available
water for the summer period, in Belgium (Tabari et al., 2015), as elsewhere (Dai, 2012,
Kumar et al., 2014), which implies that many forests will become increasingly vulnerable to
drought and associated disturbances (Allen et al., 2010; Choat et al., 2012; Neumann et al.,
2017). For Belgium, for instance, the cumulative water shortage during the summer season is
projected to go up to about 200 mm in the late 21st century, suggesting an increased risk of
summer drought (Tabari et al., 2015). Drought induces short-term physiological disorders by
decreasing carbon and nutrient assimilation and can cause hydraulic failure (xylem
embolism) in more extreme cases or carbon starvation (exhaustion of stored soluble
carbohydrates in sapwood) after long exposure (Bréda et al., 2006). Trees may recover from
these symptoms and restore their crowns, but in the long term, the accumulation of these
processes is more likely to result in progressive decline and eventual death of the tree. Such
lagged susceptibility has been widely reported (Bréda et al., 2006; Anderegg et al., 2013;
Camarero et al., 2015). Anderegg et al. (2013), for example, found that hydraulic damage

persisted and increased in dying trees over multiple years and exhibited few signs of repair.
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Here, based on the SPEI index, representing drought conditions in the previous 16 months,
we observed a significant increase in the number of dry years, as well as a decrease in the
occurrence of wet years, obviously important to restore ecosystem health after dry periods.
For instance, the year with the lowest SPEI values was 1997. Yet, it was followed by
relatively wet years, which are likely to have alleviated the adverse effects of drought stress
on trees, thus not causing serious damage. Conversely, 2004 (which reflects the exceptional
2003 summer drought) marked the beginning of a period of successive relatively dry years,
including 2005, where we observed a peak in defoliation. Such repeated drought events
suggest that the studied stands may suffer chronic stress, making it plausible to conclude that
the observed increase in defoliation was triggered by successive droughts. Our results
correlate well with the literature in the sense that shorter drought recovery times have been
shown to cause lasting damage to forests (Schwalm et al., 2017). Furthermore, we found that
the highest correlations between the SPEI and tree defoliation occur at timescales longer than
12 months. These results are consistent with those of previous studies, which have observed
that tree vitality in Europe’s forests is substantially driven by climate variability in both the
current and preceding years (Neumann et al., 2017). Defoliation of beech in a given year, for
instance, has been consistently associated with low precipitation and high evapotranspiration
rates in the year before (e.g., Seidling, 2007; de la Cruz et al., 2014; Ferretti et al., 2014). The
previous year’s defoliation has also been suggested to enhance the process of defoliation in

the current year (Ferretti et al., 2007; de la Cruz et al., 2014).

Tree species richness increases resistance to drought

In mixed forests, interactions between species strongly influence ecosystem properties.
Positive biodiversity-ecosystem functioning relationships are commonly attributed to a

combination of selection and complementarity effects (Loreau & Hector, 2001; Hooper et al.,
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2005). In contrast, a negative effect of diversity on ecosystem functioning can result from
direct competition for resources between species when ecological niches overlap (Naeem,
1998). Among the many studies that have investigated these processes, several have reported
conflicting results (Jactel & Brockerhoff, 2007; Pretzsch et al., 2013a; Jucker et al., 2014,
Forrester et al., 2016). This apparent incongruence can at least partially be explained by the
facts that facilitation and competition always occur simultaneously and that the net effect is
strongly species- and context-dependent and subject to change through time. Such context
dependency derives in part from changes in the availability of resources, and the dissimilarity
in both species composition and species interactions, over space and time. These dynamics
may also help to explain why the models retained large portions of unexplained variability.
As for the influence of age on defoliation, there is a tendency for increased defoliation with
age, but both young and older trees showed similar responses with respect to species richness

(see Supplementary Note 1 for a detailed discussion).

Our results suggest that not only species interactions may involve a complex balance of
competition and facilitation, but also demonstrate a complex interplay between tree species
richness and the longer-term responses of forest ecosystems to drought-induced stress.
Initially, defoliation levels were significantly lower in monoculture stands. However,
following a progressive shift, the balance between tree species diversity and drought
responses was reversed by approximately 2010, after which defoliation decreased with
increasing tree species richness. While the positive effect of diversity on the vitality of young
experimental tree plantations has been previously demonstrated (Van de Peer et al., 2016),
our findings highlight for the first time the close link between species richness and repeated
defoliation in a large systematic sample of mature (managed and unmanaged) forests.

Regarding the role of management, it has been suggested that forest management can be used
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to reduce the incidence of defoliation, in particular caused by insects (Muzika & Liebhold,
2000; Jactel et al., 2009). This can be done, for instance, by selectively harvesting high-risk
trees to reduce the susceptibility (likelihood of defoliation) and vulnerability (likelihood of
mortality following defoliation) of the stand. Thinning also modifies the structure of forest
stands, and reducing stand density through silvicultural thinning has been proposed as a
strategy for improving resistance and resilience to drought via increased soil water
availability (D’Amato et al., 2013). In our case, however, as many plots have not been
subjected to thinning or other management since the beginning of the 1990s, or when
thinning has been applied, we have no indication that treatments were different between
monocultures and mixtures, nor did it change over time, the management effect seems highly
unlikely as an explanation of our observations. The observed tipping point in the relationship
between species richness and the health and vitality of forests, suggesting that species
interactions shifted from competition to facilitation, though implicit in the literature, has
never been reported from real ecosystems outside experimental conditions. Furthermore, the
strong temporal consistency of our observations with increasing drought stress emphasizes its
climate change relevance. Natural systems are variable not only in space but also in time.
However, due to the lack of long-term studies, empirical evidence for temporal shifts in the
balance between facilitation and competition in long-lived systems is extremely limited (but
see (Tielborger & Kadmon, 2000). Here, we show that this relationship is not immutable and
can even flip from overperforming monocultures to overperforming mixtures with increasing
environmental stress, as more diverse communities are able to maintain relatively higher

levels of functioning than less diverse ones under stressful conditions (Isbell et al., 2011).
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Mechanisms of resistance of mixtures to water stress

The fact that, for both beech and sessile oak, the mean defoliation level was highest after dry
years than wet years confirms the results of earlier studies (e.g., Seidling, 2007; Carnicer et
al., 2011; Sanchez-Salguero et al., 2016), as well as our hypothesis, that drought can trigger
and expedite defoliation in deciduous forests. But perhaps more importantly, our results
reveal that the negative impact of drought on the crown defoliation of the three studied
species in deciduous temperate forests was mitigated by species mixing through time (i.e.,
interaction between species richness and year of observation; Fig. 4b). This was particularly
evident in F. sylvatica and Q. petraea. In the fullness of time (i.e., within the study period),
the two species experienced the largest decline in vitality when growing in a monoculture
(Fig. 4b), which was further corroborated by the observed shift in the relationship between
tree species richness and crown defoliation. It is also noteworthy that the positive effect of
species richness on crown condition arose after a period of steady increase in defoliation,
which adds further support to our observation that increased stress had a stronger negative

effect on less diverse plots.

This positive relationship between biodiversity and stability is often assumed to result from
compensatory dynamics between species, mostly through strong complementarity between
species (Morin et al., 2011). The superior performance (i.e., lower defoliation levels) of
monocultures compared to stands with higher species richness at the beginning of the
monitoring period might be explained by differences in resource use efficiency. On the one
hand, with high resource availability, and in the absence of significant disturbances,
interspecific competition might outweigh the positive effects of species facilitation and

complementarity (Maestre et al., 2009); thus, this might enhance the performance of trees
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growing in monocultures. On the other hand, in the short-term, drought may cause trees in a
mixed forest to compete more fiercely for resources, leaving less room for complementarity
and causing positive diversity effects to weaken (Jucker et al., 2014). However, as we have
shown here, under increasing environmental stress, increasing species richness reduced
drought-induced defoliation in the long term. The overall pattern we found corroborates the
stress-gradient hypothesis (Bertness & Callaway, 1994; Maestre et al., 2009), which posits
that the net outcome of biotic interactions (facilitation and competition) shifts from negative
to positive along gradients of increasing stress. Recurrent drought periods, such as those
observed in recent years, may produce a rapid loss of resilience by carbon starvation and
embolism, particularly when new disturbances occur before the reserves are fully recovered
(Bréda et al., 2006). Conversely, increasing tree species diversity may mitigate the impact of
disturbances, as more complementary interactions are expected. Water uptake efficiency
likely increases in mixed forests because a greater volume of soil can be exploited in space
and time by species with complementary root stratification (Brassard et al., 2013). This can
arise from root plasticity or differences in root foraging strategies among species. For
example, in dry years, available water might be better used in mixed stands due to facilitation
mechanisms such as hydraulic lift whereby deeper rooting tree species take up water and
redistribute it via their root system to drier superficial soil layers, thus favoring shallower
rooting species (Pretzsch et al., 2013a, 2013b). Resistance to insect defoliators has also been

reported to be positively affected by tree species richness (Guyot et al., 2016).

In addition, previous studies have also described strong species identity effects on crown
defoliation (e.g., Pollastrini et al., 2016; Bussotti et al., 2018). Thus, identity and diversity
may affect tree defoliation. Surprisingly, among the three studied tree species, Q. robur

exhibited the highest average defoliation in both pure and mixed stands. Pedunculate oak is
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known to be less tolerant of water shortages than sessile oak (Pretzsch et al., 2013b).
However, oak is believed to suffer less than beech, partly because oak can maintain
photosynthesis at low water potential (Raftoyannis & Radoglou, 2002). This somewhat
unexpected finding can, at least to some extent, be linked with the widespread occurrence of
oak decline across Europe. Oak decline is a slow-acting disease complex in which several
damaging agents interact and result in the mortality of oaks (Thomas et al., 2002). Both oak
species are subject to decline, but on average, here and in other studies, Q. robur has been
more severely affected than Q. petraea (Thomas et al., 2002). These examples may show that
the current process of pedunculate oak decline is not necessarily triggered by drought, but
risk is associated with increased stress. In this study, identifiable causes of defoliation and
damage symptoms (as assessed according to the ICP Forests criteria) were not consistently
available for analysis or were unreliable. Future research that examine particular causes of
stem and crown damages, and their influence on crown condition, may provide valuable

information to disentangle the cause-effect relationship of forest decline.

To conclude, we found that the crown condition of beech and oak trees in temperate
deciduous forests has deteriorated over the past quarter century, closely connected to
increasing drought stress. This change has triggered a regime shift from healthy monocultures
to resilient tree species mixtures. For the first time, we document a tipping point beyond
which a drought stress-induced positive diversity-stability relationship in mature forest
ecosystems emerged. Our results show that standardized, large-scale, long-term monitoring
of forest health, such as that performed in Europe by ICP Forests, is an effective method to
detect climate change-induced and tree diversity-mediated trends in forest vitality. Despite
repeated criticism due to subjectivity in the visual assessment and a number of limitations

have been associated with the monitoring approach (Innes et al., 1993; Ferretti & Chiarucci,
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2003), the very high representativeness over space and time of the ICP Forests monitoring
program, and the continuous improvement in the quality of data that has been achieved so far
(Bussotti et al., 2009; Eickenscheidt & Wellbrock, 2014), has proven to be an effort that
merits improved and extended continuation. We recommend further investigation of
longitudinal data sets of forest vitality to corroborate the trends we observed for other species

and in different climatological contexts.
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Figure captions

Figure 1. Temporal pattern of defoliation of the three studied species, using 25 years of data
on crown defoliation in temperate deciduous forests. Defoliation severity was expressed as
the proportion (percentage 0-100%, with intervals of 5%) of leaf loss, and a mean annual
value was calculated for each species. Gray dots indicate annual defoliation averaged over all
trees of a monitoring plot. Solid lines represent the smoothed trend and shaded areas denote

95% confidence intervals. N=37,800 observations.

Figure 2. Temporal trend of drought conditions averaged over all monitored plots according
to the SPEI values. The trend shown here was calculated on a 21-month time interval for May
(SPEl21-may), Which corresponds to the month and the SPEI time lag at which the maximum
SPEl/crown defoliation correlation was identified. SPEl,1.may is calculated using the water
balance of the 20 months prior to May and the month itself. The blue and red colors denote

conditions respectively wetter or drier than the median of the 1980-2015 base period. Size of
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dots denotes the number of months per year classified as dry and the dashed line represents a
loess smoother. Note that the y-axis has been reversed for convenience (i.e., negative SPEI

values indicate dry conditions and positive SPEI values correspond to wet conditions).

Figure 3. Annual trends in plot-averaged tree defoliation along a tree species richness
gradient in temperate deciduous forests. Defoliation severity was expressed as the proportion
(percentage 0-100%, with intervals of 5%) of leaf loss. Solid lines and shaded areas represent
the mean and 95% confidence intervals for each year of the study. Positive slopes (red)
indicate an increase in defoliation with increased species richness (ranging from 1 to 5),
whereas negative slopes (green) denote a decrease in defoliation in more diverse stands. Non-

significant slopes are shaded gray (P > 0.05). N=37,800 observations.

Figure 4. Estimated interaction effects of drought and species richness on tree defoliation for
each species (N=99 plots). (a) Species defoliation response to drought (represented by
SPEl»1.may). Shaded areas represent 95% confidence intervals (for parameter estimates, see
Table 2). Negative values indicate drier than normal conditions, whereas positive values
represent wetter than normal conditions. (b) Defoliation for trees growing in a monoculture
or a mixed-species plot (ranging from 1 to 5 species, with plots with 4 or more species
grouped into class 4), over time. The dots show the raw data points and lines the regression

lines. SR is species richness.
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Table 1 Main characteristics of study plots. Number of observations, age class*, mean
(minimum-maximum) stand basal area?, defoliation and elevation, and mean (standard
deviation) annual temperature and total annual precipitation for plots in which beech and oak
trees are found. Meteorological data were averaged from daily means over the period 1990-
2015. N=37,800 observations.

Fagus sylvatica Quercus petraea Quercus robur

Pure Mixed Pure Mixed Pure Mixed
Number of plots 16 39 7 24 16 47
Number of trees 401 431 143 223 470 627
Age class 5.2 (1.2) 6.1 (0.9) 6.3 (0.8) 5.1 (1.7) 4.4 (1.2) 5.4 (1.3)

Stand basal area (m® ha) ~ 41.0 (12-103) 54.9 (9-103) 31.7 (12-89)  34.1(11-91) 34.5(10-73)  47.8 (9-103)

Crown defoliation (%) 18.4 (0-95) 19.8 (0-100)  12.0 (0-100)  13.3(0-80)  20.9 (0-100)  22.2 (0-100)
Elevation (m) 287 (13-568) 250 (10-523) 306 (30-446) 259 (4-523) 113 (10-426) 86 (4-453)
Annual temperature (°C) 94 (1.1) 9.7 (0.9) 9.2 (0.8) 9.5(0.8) 10.4 (0.8) 10.5 (0.6)
Annual precipitation (mm) 1038 (145) 990 (120) 941 (92) 1054 (153) 933 (152) 883 (112)

! The mean age class of the dominant storey is reported in 20-year classes, as follows: ‘1" = 0-20 years; ‘2’ =
21-40 years; ‘3’ = 41-60 years; ‘4’ = 61-80 years, ‘5’ = 81-100 years; ‘6’ = 101-120 years, ‘7’ = >120 years.
Age class is unknown or could not be determined for 21 study plots.

% Tree diameter measurements (and hence basal area) were not available for 20 study plots. These plots were
not included in the regression analysis.
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Table 2. Summary of the linear mixed-effects model to test the effects of species richness
and drought over time on annual crown defoliation’. Best-fit parameter estimates (Est, with
standard error se), the estimated auto-regressive parameters of the ARMA(2,0)
autocorrelation structure, the standard deviation of the random terms, and the marginal and
conditional R? are shown for N=99 plots.

Fixed effects Est. se P
Fagus sylvatica -206.3 (37.634) <0.001
Quercus petraea -117.8 (53.553) 0.030

Quercus robur -55.433 (30.252) 0.070
Stand basal area 0.006 (0.003) 0.059
Age structure 1.093 (0.278) <0.001
Management type 0.095 (0.393) 0.810
Species Richness (SR) 50.072 (17.050) 0.004
SPEl21-May -0.046 (0.020) 0.025
Fagus sylvatica : SPEl1-may -0.046 (0.020) 0.025
Quercus petraea : SPEl21-may -0.035 (0.029) 0.228
Quercus robur : SPEI21.may 0.013 (0.016) 0.442
Fagus sylvatica : SR : YEAR -0.025 (0.009) 0.003
Quercus petraea : SR : YEAR -0.009 (0.012) 0.448
Quercus robur : SR : YEAR -0.001 (0.006) 0.808
Random effects

sd plot 0.369

sd plot cluster 0.369

sd residuals 0.712
Autocorrelation structure

ARMA o1 0.55

ARMA @2 0.22

Model statistics

marginal R 0.23

conditional R 0.57

4 Response variable (‘tree defoliation’) was log-transformed prior to model fitting to normalize variance in the
residuals. Drought was expressed by the SPEI (Standardized Precipitation Evapotranspiration Index) for May
calculated at 21-month lags (SPEl21-vay).
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