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A B S T R A C T   

Changes in regional and global hydrological cycles and temperature regimes will affect forest health, functioning and 
growth, and therefore their role in carbon (C) sequestration. A severe spring-summer drought hit large parts of 
central Europe in 2018 leading locally to premature leaf senescence in deciduous tree species. In late summer 2018 
and 2019, we carried out a special survey on selected plots (n = 75) of the Swiss National Forest Inventory to detect 
whether beech (Fagus sylvatica L.) trees (n = 271) responded to the drought, and to evaluate possible lasting effects 
in the subsequent year. We concentrated on three vitality indicators: severe crown transparency (SCT), severe leaf 
browning (SLB), and growth in terms of basal area increment (BAI). In late summer 2018, we observed a frequency of 
beech trees affected by SLB and SCT significantly higher than in long-term baseline data. The most significant 
predictors of the occurrence of SLB and SCT were previous growth, species composition, tree size and precipitation 
deficit. Overall, BAI was significantly lower in 2018 compared to the 2010–2017 average. In particular, trees with 
both SLB and SCT grew significantly less than unaffected trees, with 40–100% lower median C increment. SCT, SLB 
and BAI largely recovered after more favorable weather conditions in 2019: almost no instances of SLB were re-
corded, and SCT was comparable to long-term baseline data. BAI in 2019 was significantly higher than in 2018 and 
2010–2017, and weakly related to the crown condition recorded in late summer 2018. We conclude that SCT and SLB 
recorded in late summer 2018 indicated rapid, drought-induced canopy deterioration of beech, associated with an 
immediate reduction in BAI and tree-level carbon sequestration. These effects were, however, mainly temporary for 
most of the investigated beech trees. Since the standard long-term forest health assessment was not able to capture 
the above signals, we discuss opportunities for adapting its design without jeopardizing data comparability over time.   

1. Introduction 

A considerable amount of forest tree species operate with narrow 
hydraulic margins (Choat et al., 2012), and can therefore undergo se-
vere health deterioration, growth reduction and mortality if aridity will 
increase as predicted (Allen et al., 2010; Zang et al., 2014). Drought- 
induced decline in forest health and functioning, and increased mor-
tality have been reported world-wide (Allen et al., 2010; Anderegg 
et al., 2015) and, although a considerable debate exists on the under-
lying mechanisms (e.g. Sala et al., 2012), they have been mostly related 
to hydraulic failure (partial or complete loss of xylem function from 
embolism that inhibits water transport) and carbon (C) starvation 
(imbalance between carbohydrate demand and supply) (McDowell 
et al., 2008), with the former being consistent across species (Adams 
et al., 2017). 

Substantial adverse impact of drought and climate change on 
forest health, however, can occur without necessarily leading to tree 
mortality. Climate may induce deterioration of forest canopies in-
dicated by lower foliage density (Ferretti et al., 2014; Sousa-Silva 
et al., 2018), abnormal fruiting (Nussbaumer et al., 2020), and 
anomalies in foliage color (e.g. Eichhorn et al., 2016). Reduced fo-
liage density – termed also crown transparency and assumed to be a 
proxy for tree defoliation – can have several consequences. At tree 
level, reduced foliage density has been found associated with lower 
photosynthetic performance (Gottardini et al., 2016, 2020) and with 
lower growth (e.g. Solberg and Tveite, 2000), thus potentially 
leading to reduced carbon uptake and sequestration. At stand level, 
reduced density of forest canopy can alter forest microclimate, and 
contribute to thermophilisation in forest understory plant commu-
nities (Zellweger et al., 2020). 
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Drought episodes have a long history in Europe, and have been re-
peatedly recorded over the past two decades (Hanel et al., 2018). Impact 
of these events on forests has been detected in terms of productivity (e.g.  
Ciais et al., 2005), and increased defoliation (e.g. Dobbertin, 2005; 
Sousa-Silva et al., 2018). An exceptionally severe drought episode oc-
curred in central Europe in 2018 (e.g., Schuldt et al., 2020). In Swit-
zerland, the period April–September 2018 was characterized by con-
siderable high temperatures and low precipitation with respect to the 
1981–2010 average (Fig. 1). The mean temperature during these months 
was 1.5–3 °C above the long-term average, while precipitation sums only 
reached 44–90%. Instances of early browning of beech foliage were al-
ready reported since the second half of July (Wohlgemuth et al., 2018). 
In spring and summer 2019, the weather conditions were more favorable 
(Fig. 1) and – although temperatures from April–September were again 
above the long-term average in most parts of Switzerland – anomalies 
were much less pronounced than in 2018. 

Long-term forest monitoring programs using time-consistent 
methods permit detecting deviations of forest health from expected 
long-term conditions (e.g. Ferretti, 2013; von Gadow et al., 2016). In 
Europe, such programs consist mostly of National Forest Inventories 
(NFIs; Tomppo et al., 2010) and the pan-European network installed 
under the auspices of the United Nation Convention on Long-range 

Transboundary Air Pollution (UN Air Convention), i.e. the International 
Co-operative Programme on Assessment and Monitoring of Air Pollu-
tion Effects on Forests (ICP Forests; Ferretti and Fischer, 2013). Swit-
zerland has both systems installed: the Swiss NFI (Fischer and Traub, 
2019; Brändli et al., 2020) and the Long-term Forest Research (LWF;  
Thimonier et al., 2010), the latter contributing to the ICP Forests. LWF 
has a component (termed Sanasilva) dedicated to annual forest health 
assessment based on a sub-sample of the NFI grid. Since 1985, NFI 
provides data and estimates about a number of forest attributes and 
population parameters, and Sanasilva provides annual indicators of 
forest health, including crown transparency and foliage color. 

In late summer 2018 and 2019 we carried out a special survey to assess 
whether tree vitality indicators (canopy condition and growth, cf.  
Dobbertin, 2005) responded to the 2018 drought. We concentrated on in-
stances of severe crown transparency (SCT) and severe leaf browning (SLB; 
see below for a definition of both indicators) on a selection of NFI plots in 
northern Switzerland. These plots were already visited in late spring 2018 
(i.e. before the onset of drought) in the frame of the routine annual NFI 
survey. At each occasion (spring 2018, late summer 2018 and 2019), the 
stem diameter at breast height (DBH) of all trees was remeasured. 

In this paper, we hypothesize that: (i) the 2018 drought had an effect 
on beech in northern Switzerland, and that such an effect was captured 

Fig. 1. Anomalies of mean temperature (left) and of precipitation sums (right) for the period of April to September 2018 (above) and 2019 (below). The reference 
period is 1981–2010. Source: MeteoSwiss grid data RanomM and TanomM. 
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by tree vitality indicators (canopy condition and growth); and (ii) such 
an effect persisted in the following year. The first hypothesis is based on 
field evidence and on recent findings about drought-induced depressions 
of Net Primary Productivity in Switzerland (Trotsiuk et al., 2020); the 
second hypothesis is based on recent observations (Schuldt et al., 2020) 
and on previous studies showing lagged effects of precipitation deficit on 
crown condition (Ferretti et al., 2014; Sousa-Silva et al., 2018). To ex-
amine these hypotheses, we (i) quantified SCT and SLB for beech after 
the 2018 drought in comparison with long-term baseline data from Sa-
nasilva, and (ii) investigated the factors explaining the likelihood of 
plots/trees to be affected by SCT and SLB. We also tested (iii) whether 
the growth of beech trees in 2018 and 2019 generally differed from 
previous records, and (iv) whether SCT, SLB and their combination had 
an effect on the growth and C sequestration of beech trees. 

2. Materials and methods 

2.1. Concept 

Our investigation included all NFI plots of the 2018 annual NFI 
panel containing at least one beech tree, which had already been 
measured between 11th of April and 29th of May 2018 as part of the 
routine NFI survey. This resulted in n = 75 NFI plots located in 
northern Switzerland (Fig. 2). These plots were revisited between 26th 
of August and 5th of September 2018 and 2019 to (i) remeasure the 
DBH of all trees in the plots and (ii) identify beech trees with SCT and 
SLB. We used these data to compare the frequency of SCT and SLB to 
the long-term Sanasilva data, to evaluate growth in 2018 and 2019 with 
respect to the 2010–2017 average available from previous NFI surveys, 
and to test whether growth was related to SCT and SLB. 

2.2. Plots and measurement methods 

The Swiss NFI plots consist of two concentric circles: trees with DBH 
equal to or larger than 12cm are measured in the inner circle of 200m2 

(radius = 7,98m in flat terrain) while trees equal to or larger than 36cm 
are measured all across (circle of 500m2 radius = 12,62m in flat ter-
rain). The stem DBH (1.3m above ground, 1 mm resolution) was 
measured with a caliper or inferred from tape measurements for cir-
cumference in case of large (> 60cm DBH) trees. 

Assessments of crown transparency (an indicator for defoliation) 
and foliage color were carried out according to the standardized 
Sanasilva methods on all beech trees (Müller and Stierlin, 1990). Crown 
transparency more than 60% was classified as SCT, and foliage coloring 
outside the green tones (codes 5Y, 2.5Y, 7.5Y of the Munsell Plant 
Tissue Color Charts) on more than 30% of the crown was classified as 
SLB. We used these obvious anomalous canopy conditions to minimize 
the chance of observer error. Data were then aggregated into three 
categories: unaffected (showing neither SCT nor SLB), affected (with 
SCT or SLB), and severely affected beech trees (showing both, SCT and 
SLB, or no leaves anymore). Note that the category of unaffected trees 
may include trees with high crown transparency (but < 60%) and fo-
liage color anomalies (but still in the range of green colors). 

2.3. Data processing and statistical methods 

Descriptive statistics on SCT, SLB and tree growth were conducted 
for both 2018 and 2019. Differences in frequencies of SCT and SLB 
between NFI and Sanasilva were examined with Fisher’s tests. Growth 
of the individual trees in 2018 was quantified as basal area increment 
(BAI) derived from the stem DBH or circumference measurements taken 
in April/May and August/September. The observed BAI values were 
scaled to the length of the vegetation period as assumed by the Swiss 
NFI (123 days, from 1st of May to 31st of August), in order to permit a 
comparison with BAI between the fourth and the fifth NFI, i.e., mean 
annual BAI 2010–2017. Note that 1st of May is well in the middle of the 
first 2018 NFI measurement campaign. Under the assumption that the 
scaled BAI approximated the total increment in 2018, it was compared 
with the BAI in 2019 calculated as the difference between measure-
ments taken in August/September 2018 and August/September 2019. It 

Fig. 2. Location of the investigated NFI plots within Switzerland. The color of the dots indicates whether beech trees with severe crown transparency and/or severe 
leaf browning were identified in late summer 2018. 
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is worth noting that a further visit carried out in November 2018 did 
not show any significant differences with respect to the August/ 
September DBH measurements (data not shown). 

Differences in BAI among 2018, 2019, and the mean annual value of 
the period 2010–2017, as well as among unaffected, affected, and se-
verely affected trees were tested with Wilcoxon-Mann-Whitney tests. 
For the comparison among differently affected trees, we considered 
only plots in which both unaffected and affected/severely affected trees 
occurred together to exclude confounding site effects. 

The observed BAI was converted to biomass increment and C se-
questration based on the methodology applied by the Swiss NFI (Didion 
et al., 2019). The biomass calculation builds on individual-tree volume 
estimations for stem wood, small branches (< 7cm diameter), large 
branches (≥7cm diameter), foliage, and coarse roots (> 5mm dia-
meter), which are summed up to the individual-tree biomass estima-
tion. For converting from biomass to carbon (C), a mean fraction of 
0.5C in dry matter was assumed (Didion et al., 2019). 

Statistical models were fitted at both plot and tree level to in-
vestigate the sensitivity of the occurrence of SCT and SLB in 2018 to 
various site and stand variables. At plot level, binomial logistic models 
were used, with the binary response specifying whether a plot con-
tained any trees with SCT and/or SLB or not. At tree level, ordinal 
mixed models were used, in which the response was defined as an or-
dered factor variable with the levels (1) unaffected, (2) affected, and (3) 
severely affected, assuming an increasing order of severity. In the tree- 
level models, random effects were defined with plot as grouping factor. 

As potential drivers in the plot-level analysis, a total of eight vari-
ables indicating stand, site (incl. climate), and management conditions 
were considered (Table 1, Appendix S1). The stands were characterized 
in terms of stand density, previous growth, and tree species composi-
tion. As indicators quantifying stand density, basal area per ha (BAPH) 
and stem number per ha (NPH) were considered. Previous growth was 
defined based on the period between the fourth and the fifth NFI (NFI4 
and NFI5, respectively; covering the growing seasons 2010–2017) as 
the mean BAI of all trees that were recorded at both inventories on the 
respective plot (BAI45_PLOT). Species composition was indicated as the 
number of tree species observed on a plot (NO_SPECIES), and the 
proportion of beech on the plot (in terms of basal area, PROP_B), both 
at NFI5. Site conditions were considered via the variables slope (in %, 
SLOPE) and the precipitation deficit for the period April to August 2018 
(P_PET; precipitation minus potential evapotranspiration, calculated 
according to Thornthwaite, 1948; source: MeteoSwiss grid data Ra-
nomM and TanomM). The management history of the plots was in-
dicated as the number of years since the last intervention, which was 
communicated by the local forest service (LAST_INT). 

As additional potential fixed effects in the tree-level analysis, two 
indicators characterizing individual-tree conditions were considered 
(Table1, the distribution of the response variable in relation to the 
explanatory variables is shown in Appendix S2). First, tree size was 
included as the observed DBH at NFI5 (DBH_5). Second, previous in-
dividual-tree growth was defined as BAI between NFI4 and NFI5 of the 
respective tree (2010–2017; BAI45_TREE). 

For variable selection in both plot- and tree-level models, a stepwise 
backward procedure based on the Akaike Information Criterion (AIC) 
was performed. As starting points of this procedure, full models were 
defined that included all variables introduced above (Table 1). Therein, 
NPH, BAI45_PLOT, and LAST_INT were log-transformed. The results of 
initially fitted generalized additive models suggested to additionally 
include a quadratic term for NPH and an interaction between BAPH and 
NPH. At the tree-level, an additional interaction between BAI45_PLOT 
and BAI45_TREE was included to relate the observed individual-tree 
increment to the plot-specific growing conditions. All potential ex-
planatory variables were standardized to allow the estimated regression 
coefficients to function as sensitivity measures (Pianosi et al., 2016). 
The models were fitted in the statistical software environment R using 
the glm function (R Core Team, 2019) for the plot-level logistic 

regression and the package ordinal (Christensen, 2019) for the tree-level 
ordinal regression. 

3. Results 

3.1. Canopy response 

In late summer 2018 we observed SCT on 13% of the beech trees 
(distributed on 20% of the plots), and SLB on 8% of the beech trees 
(13% of the plots) (Fig. 2). These frequencies were significantly higher 
than what had been recorded by Sanasilva in earlier summer 2018 
(P = 0.025 for SCT and P = 0.002 for SLB), as well as for the entire 
time series (P  <  0.001 for both SCT and SLB) (Fig. 3). 

In 2019, we remeasured 268 of the 271 beech trees recorded in 
2018 (two trees were harvested, one tree was found broken). SCT 
amounted to 7.5%, and only one tree with SLB was reported. Overall, 
the frequencies of SCT and SLB recorded in late summer 2019 on the 
selected NFI plots were not significantly different from the early 
summer Sanasilva observations (P = 0.17 for SCT and P = 1 for SLB) 
(Fig. 3). In details, 21 (58.3%) trees out of the 36 with SCT in 2018 
recovered to a lower defoliation level in 2019. On the other side, seven 
trees with no SCT in 2018 deteriorated in 2019. 

Combining SCT and SLB revealed that in 2018 82.7% of the trees 
were unaffected, 10.7% affected and 6.6% severely affected (Table 2). 
In 2019, the proportion of affected and severely affected trees de-
creased to 6.3% and 1.8%, respectively. A total of 31 trees, which were 
rated as affected/severely affected in 2018, recovered to unaffected in 
2019. All of the severely affected trees in 2019 were already severely 
affected in late summer 2018, including two trees that died between 
2018 and 2019. 

3.2. Drivers of rapid canopy response 

The binomial logistic regression model (McFadden’s pseudo 
R2 = 0.30, Cragg and Uhler's pseudo R2 = 0.43, AUC = 0.83) revealed 
that the probability of a plot to contain affected beech trees was related 
to stand density (BAPH and NPH), previous growth (BAI45_PLOT), 
precipitation deficit (P_PET), and the proportion of beech trees 
(PROP_B) (Table 3). In particular, the model indicated the highest 
probabilities for crown responses on plots with comparably high NPH 
but low BAPH or on plots with a very low NPH (Appendix S3). Plots 
were more likely affected if the previous growth (BAI45_PLOT) was 
comparably low and the drought (P_PET) in 2018 more pronounced. 
The model indicated also that such a probability increased with the 
proportion of beech (PROP_B), but was not significantly related to the 
number of tree species (NO_SPECIES), a variable which was not re-
tained in the final model. As this effect may be simply caused by the 
higher probability to observe affected beech trees when a higher 
number of them is present on a plot, we additionally evaluated the 
sensitivity of the other effects to the presence of PROP_B by excluding it 
from the model. Excluding PROP_B had a limited impact on the results 
(Appendix S4). Although model performance was reduced (McFadden’s 
pseudo R2 = 0.20, Cragg and Uhler's pseudo R2 = 0.31, AUC = 0.78), 
excluding PROP_B did not change the direction of the other included 
effects. 

The tree-level ordinal mixed regression model generally confirmed 
the effects of NPH, BAI45_PLOT and P_PET (Table 4, Appendix S5). In 
addition, a positive effect of the individual tree DBH on its probability 
to be severely affected was identified (Table 4), indicating that larger 
trees were more likely to be affected than smaller ones. The estimated 
coefficients indicated that the probability to be severely affected was 
more sensitive to BAI45_PLOT and P_PET than to DBH_5 and NPH. 
Previous tree-level growth (BAI45_TREE) was not included in the se-
lected model. In contrast to the plot-level analysis, the stand basal area 
(BAPH) and the proportion of beech (PROP_B) were not retained in the 
selected tree-level model. 
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Table 1 
Potential explanatory variables in the statistical models (cf. Table 3 and Table 4), and their observed density distribution on the investigated NFI plots. The blue line 
in the density distribution plots represents kernel density estimates. Pairwise two-dimensional kernel density estimations are shown in Appendix S1.        

Category Indicator Acronym Level of 
observation 

Unit Density distribution  

Stand Basal area per ha BAPH plot m2h−1 

Stand Stem number per ha NPH plot no. 

Previous growth Plot-level mean basal area 
increment NFI4-NFI5 (2010–2017) 

BAI45_PLOT plot cm2year−1 

Species composition No. of tree species NO_SPECIES plot no. 

Species composition Basal area proportion of beech PROP_B plot % 

Site Slope SLOPE plot % 

Site Precipitation deficit P_PET plot mm 

(continued on next page) 
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3.3. Canopy response, tree growth and C sequestration 

The comparison of growth based on all investigated beech trees from 
all plots revealed that BAI in 2018 was significantly lower with respect to 
mean annual growth 2010–2017 (p = 0.007; Fig. 4). In particular, be-
sides such a generalized growth reduction, we observed a significant 
(P = 0.049) lower BAI in 2018 for severely affected beech trees com-
pared to unaffected ones (based on the 11 plots where different canopy 
condition categories co-occurred; Fig. 5 A). The BAI of affected trees was 
only slightly lower (P = 0.29) than the BAI of unaffected trees. 

Overall (all trees, all plots), BAI in 2019 was higher compared to 
2018 (P  <  0.001) and, to a lesser extent, compared to mean 2010–2017 
(P = 0.027; Fig. 4). At the 11 plots where different canopy condition 

categories were present, BAI in 2019 did not differ significantly among 
beech trees rated in different canopy condition categories in late summer 
2018, although severely affected trees still tended to grow less than 
unaffected ones (Fig. 5A). When comparing the trees belonging to the 
same canopy condition categories across 2018 and 2019, however, the 
2019 BAI of the 2018 affected and severely affected trees augment (in 
proportion) more than those of the unaffected trees. Differences were not 
significant with respect to 2018 (unaffected trees: P = 0.29; affected: 
P = 0.15) or marginally significant (severely affected trees: P = 0.06). 

Differences in BAI observed in 2018 among the different canopy 
condition categories resulted in differences in terms of biomass incre-
ment and C sequestration (Fig. 5B). Affected and severely affected trees 
were estimated to sequester 40.7% and 100%, respectively, less C than 

Table 1 (continued)       

Category Indicator Acronym Level of 
observation 

Unit Density distribution  

Management Years since last intervention LAST_INT plot years 

Tree Stem diameter at breast height DBH_5 tree cm 

Tree Tree-level basal area increment 
NFI4-NFI5 (2010–2017) 

BAI45_TREE tree cm2year−1 

Fig. 3. Comparison of the observed frequencies of trees with (A) severe crown transparency (SCT) and (B) severe leaf browning (SLB) on the investigated NFI plots 
(blue) with long-term observations from the Sanasilva monitoring determined in early summer (green). The solid line shows a loess smoother for SCT observed on the 
Sanasilva plots, and the dashed lines approximate the corresponding confidence interval. The years 2018 and 2019 are indicated for better readability. Due to 
different grid densities, the number of trees assessed by Sanasilva varied over time: n = 1451–1683 (from 1985 to 1992), n = 730–750 (1993; 1994; 1997) and 
n = 99–123 (1995; 1996; from 1998 to 2019). 
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unaffected trees in 2018. These figures were somewhat reversed in 
2019: C sequestration of trees affected in 2018 was 21.8% higher than 
of unaffected trees, while it was still 53.8% lower for severely affected 
trees. 

4. Discussion 

Changes in regional and global hydrological cycles causing an in-
creased probability of intensive drought events will affect forest growth 
and the degree at which forests will contribute to mitigate climate 
change by sequestering CO2 from the atmosphere (Brzostek et al., 
2014). After a severe and persistent drought affecting Northern Swit-
zerland in 2018 we observed an immediate worsening of indicators of 
tree vitality, leading to a frequency of trees with SCT and SLB being 
significantly higher than expected from long-term data, although still 
relatively low in absolute terms. These results can be discussed under 
different aspects. 

4.1. Canopy condition and response to drought 

In 2018, SCT and SLB were infrequent at the beginning of summer 
in the plots visited as part of the annual forest condition survey 
Sanasilva. They were, however, significantly higher at the end of the 
summer 2018 on the investigated NFI plots, although clearly before any 
normal autumnal senescence would occur in beech (Vitasse et al., 
2009). Such a difference can be due to either different timing of the 
assessment or sampling error (although originated by the same sam-
pling design, the two sets of plots have a different spatial allocation). As 
for the different timing of the assessment, Sanasilva plots have been 
assessed in July, i.e. about two months before the NFI special survey 
and before the drought effects were fully developed. If the 2018 
drought had no effects on the crown condition, we expected to observe 
similar differences between Sanasilva and NFI plots also in 2019: this 
was not the case, i.e., no significant difference was found between the 
Sanasilva survey in early summer and the NFI special survey in late 
summer 2019. As for the spatial distribution, Sanasilva beech plots are 
located all across Switzerland, including parts that were less affected by 
the drought. Also in this case, the driving effect of the 2018 drought for 
increases in SCT and SLB in late summer is supported by the 2019 
survey where no significant difference between the two assessments 
was observed. Taken together (rareness of SCT and SLB in early summer 
2018; occurrence in higher frequency at the end of the summer 2018; 
considerable reduction in 2019 after more favorable weather condi-
tions) these findings indicate that the unprecedented increase in SCT 
and SLB in late summer was to a large extent related to the cumulative 
effect of persistent drought over the summer season in 2018. Similar 
conclusions were drawn also by Schuldt et al. (2020). 

The role of drought on crown transparency has been pointed out in 
studies carried out in several countries, e.g. Belgium (Sousa-Silva et al., 
2018), France (Ferretti et al., 2014), and Spain (Carnicer et al., 2011; 
Sánchez-Salguero et al., 2017). In our study, the role of drought is 

Table 2 
Number of beech trees per canopy condition category in late summer 2018 and 2019.           

2018   

Unaffected Affected Severely 
affected 

NA Total  

2019 Unaffected 215 23 8 0 246 (90.8%) 
Affected 6 6 5 0 17 (6.3%) 
Severely affected 0 0 5* 0 5 (1.8%) 
NA 3 0 0 0 3 (1.1%)   

Total 224 (82.7%) 29 (10.7%) 18 (6.6%) 0 271 

* 2 trees died between late summer 2018 and late summer 2019.  

Table 3 
Binomial logistic regression model for the probability of a plot to contain beech 
trees with severe crown transparency and/or severe leaf browning. The ex-
planatory variables are introduced in Table 1 and were standardized before 
model fitting. A stepwise-backward variable selection procedure based on AIC 
was performed.      

Variable Estimate Standard error P value  

Intercept −1.516  0.396   < 0.001 
BAPH 9.963  6.805  0.143 
log(NPH) −13.110  6.551  0.045 
log(NPH)2 14.844  7.277  0.041 
log(BAI45_PLOT) −0.772  0.446  0.083 
P_PET −1.060  0.486  0.029 
PROP_B 1.017  0.389  0.009 
BAPH : log(NPH) −11.385  7.610  0.135 

Table 4 
Ordinal regression model for the probability of a tree to be increasingly severely 
affected. The explanatory variables are introduced in Table 1 and were stan-
dardized before model fitting. A stepwise-backward variable selection proce-
dure based on AIC was performed.      

Variable Estimate Standard error P value  

DBH_5  0.702  0.005   < 0.001 
log(NPH)2  0.362  0.005   < 0.001 
log(BAI45_PLOT)  −1.562  0.005   < 0.001 
P_PET  −1.604  0.005   < 0.001 

Fig. 4. Basal area increment (BAI) of all investigated beech trees (number in-
dicated with n) from all plots (n = 75). Different letters indicate significant 
differences (pairwise Wilcoxon-Mann-Whitney tests; ab: P = 0.007; ac: 
P = 0.027; bc: P  <  0.001). 
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supported by the statistical evidence that precipitation deficit is (to-
gether with previous growth, species composition, tree DBH and stand 
density) a significant predictor of the probability of a beech tree/plot to 
be affected by SCT and SLB. We also found that larger trees were more 
likely to be affected. This is consistent with the hydraulic limitation 
hypothesis (Ryan et al., 2006), with increasing tree size resulting in 
higher risk of hydraulic failure due to augmented length of the water 
path (Bennett et al., 2015; Ryan, 2015) and also matches observations 
that larger trees show less strict stomatal control (Grote et al., 2016). 

Although ca. one third of the trees affected or severely affected in 
2018 resulted affected or severely affected also in 2019, the majority of 
trees and plots with SCT and SLB recovered in 2019, indicating a 
generally high resilience (Lloret et al., 2011), i.e. the tree’s ability to 
recover its crown status and growth after the disturbance event. 
Moreover, high resistance and resilience is also indicated by the lack of 
massive mortality on the plots we investigated: only 2 out of 271 beech 
trees died between 2018 and 2019. 

4.2. Canopy condition, growth and carbon sequestration 

Dobbertin (2005) reported that – after the 2003 drought – stem 
growth was immediately affected, while forest canopy condition was not, 
or responded much later. There are, however, also observations for beech 
where radial growth even on a dry site was not affected (Hentschel et al., 
2016). Here we observed a different pattern, with rapid canopy response 
accompanied by an immediate significant reduction in growth. Our data 
suggest that the growth reduction is apparently triggered by canopy 
condition. Lower growth in defoliated trees has already been reported by 

many authors (e.g. Solberg and Tveite, 2000; Dobbertin, 2005; Sánchez- 
Salguero et al., 2017) even at defoliation levels much lower than what 
we considered “severe”. The fact that growth reduction was not sig-
nificant for trees showing only SCT or SLB (and not both) is likely due to 
the fact that the category “unaffected” may still include trees with a 
crown transparency or color anomaly in a range where effects on growth 
can be actually expected. The connection between canopy condition and 
growth is further demonstrated by their simultaneous recovery in 2019. 

While a general increase in BAI was obvious in 2019 compared to 2018, 
this was apparently more pronounced for trees that were affected, or even 
severely affected in 2018. Compensatory growth in the year(s) after a stress 
event has been observed before (Anderegg et al., 2015) but was mainly 
attributed to tree mortality during the stress event and thus competition 
release for the surviving individuals. As we detected only negligible mor-
tality such a mechanism cannot explain the growth patterns observed here. 
It has, however, also been shown that independent from changes in com-
petition, compensation of functioning after a stress event occurs (Spiess 
et al., 2012; Arend et al., 2016; Trugman et al., 2018). Such compensation 
might reduce the overall impact of a drought event by catching up for the 
losses after the stress event (Hagedorn et al., 2016) and preferential C al-
location to stem growth might be needed to rebuild damaged xylem and 
reestablish hydraulic functioning (Trugman et al., 2018). 

We detected an overall (all trees, all plots) lower growth in 2018 with 
respect to the average of the period 2010–2017 and 2019. A recent study 
based on model-data fusion (Trotsiuk et al., 2020) pointed out considerable 
Net Primary Production (NPP) anomalies for beech related to extreme years 
(incl. 2018), which were most pronounced in regions (Fig. 5 in Trotsiuk 
et al., 2020) where we observed canopy and growth effects (Fig. 2). 

Fig. 5. Basal area increment (BAI) (A), and 
C increment (B) according to the different 
canopy condition categories assessed in late 
summer 2018 (unaffected, affected or se-
verely affected) and for different years/ 
periods (mean 2010–2017; 2018; 2019), 
based on the 11 plots where different ca-
nopy condition categories co-occurred. 
Since C increment is a derived value, 
Wilcoxon-Mann-Whitney tests were per-
formed on BAI only: BAIs of different ca-
nopy condition categories within the same 
year/period as well as the same canopy 
condition category among different years/ 
periods were compared. The only significant 
difference is indicated by different letters 
(ab: P = 0.049). The number of trees per 
boxplot is indicated by n. 
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The significant growth reduction detected during the 2018 drought 
especially in severely affected trees converts into considerable reduc-
tions in carbon sequestration for these trees. When considered in the 
context of the general increase in SCT since the 1990s (Fig. 3), we might 
need to expect on the one hand that an increasing proportion of beech 
trees in Swiss forests may have developed a reduced growth and carbon 
sequestration potential. On the other hand, we can expect that the 
vulnerability of beech forests increases so that exceptional droughts can 
push them at their limit (Millar and Stephenson, 2015). Consequences 
can be substantial, when considering that in Switzerland beech dom-
inates on ca. 214 × 103 ha (17.8%) forest area and accounts for 
76.3 × 106 m3 (18.1%) growing stock (Brändli et al., 2020). However, 
further studies are needed to verify and quantify such potential trends 
of carbon sequestration in central European beech forests. 

4.3. Forest inventorying and monitoring to detect effects of drought events 

The standard forest health assessment was not able to detect the di-
rect, immediate impact of the 2018 drought on beech in Switzerland (see 
the Sanasilva results presented here and the maps in Michel et al., 2019a, 
2019b) and only partially at central European level (Michel et al., 2019a, 
2019b). This is likely because the standard methodology (Eichhorn et al., 
2016) requires the assessments to be carried out “after the full devel-
opment of leaves”, i.e. relatively early in the season especially at low 
elevation. The inability to capture impacts of intensive drought events is 
an issue that might need consideration for future strategies of forest 
monitoring programs: when assuming that severe drought episodes and 
disturbances will increase in the future, the need emerges to adapt and 
optimize the design and organization of large-scale monitoring programs 
to detect and quantify the response of forests to such episodes (Hartmann 
et al., 2018; Schuldt et al., 2020). The value of continuous monitoring 
with harmonized methods to provide baseline data is well supported by 
our study, but one may argue whether a new concept with e.g. differ-
entiated assessment time (e.g., different panels of plots assessed at dif-
ferent times over the vegetation period) would fit better than con-
centrating all field observations in a relatively narrow time window. Data 
consistency over time could be ensured even when an increase in the 
number of plots will not be possible if one of the possible panels is as-
sessed at the time in early summer, i.e. when the measurements are 
carried out at present. Moreover, remote sensing methods might be 
combined with classical monitoring to extend the spatial and temporal 
resolution of assessments of canopy properties (Meng et al., 2018). 

5. Conclusions 

Tree vitality indicators pointed to rapid, distinct, significant, but 
apparently largely temporary canopy and growth responses of beech 
trees after the drought that hit Switzerland (and large parts of central 
Europe) in 2018. As compared to long-term baseline data for 
Switzerland, we detected 3.7 and 48 times higher frequencies of SCT and 
SLB in 2018, respectively. Precipitation deficit exerts a significant role on 
the likelihood of a plot/tree to be affected, but it does not work alone: 
previous growth condition, species composition, stand density, and tree 
dimension play also significant roles. Tree growth responded rapidly, 
too. We observed a general and significant growth reduction across all 
observed trees, more pronounced in trees whose crowns were severely 
affected by the drought in summer 2018. This had consequences in terms 
of reduced C sequestration of the investigated trees. In 2019, there was a 
substantial recovery in both, canopy condition and growth. 

We conclude that indicators related to canopy condition and growth 
were able to capture (i) an immediate and significant loss of vitality of 
beech trees in parts of northern Switzerland in response to the 2018 
drought; (ii) that such a loss of vitality had a significant impact on 
carbon sequestration of the investigated beech trees, most pronounced 
in trees with SCT and SLB, and that (iii) most trees largely recovered in 
2019. Given the severity and extent of the 2018 event (and its 

continuation in 2019 outside Switzerland in several central European 
countries), these effects were likely – and possibly even more severe – at 
larger geographical scale. Therefore, exploring opportunities for 
adapting the design of standard long-term forest health monitoring 
programs to better capture drought (or other disturbances) effects 
without compromising data consistency is necessary. 
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