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Abstract: Studying the effect of surface ozone (O3) and water stress on tree growth is important for
planning sustainable forest management and forest ecology. In the present study, a 22-year long time
series (1998–2019) on basal area increment (BAI) and fructification severity of European beech (Fagus
sylvatica L.) and Norway spruce (Picea abies (L.) H.Karst.) at five forest sites in Western Germany
(Rhineland Palatinate) was investigated to evaluate how it correlates with drought and stomatal
O3 fluxes (PODY) with an hourly threshold of uptake (Y) to represent the detoxification capacity of
trees (POD1, with Y = 1 nmol O3 m−2 s−1). Between 1998 and 2019, POD1 declined over time by on
average 0.31 mmol m−2 year−1. The BAI showed no significant trend at all sites, except in Leisel
where a slight decline was observed over time (−0.37 cm2 per year, p < 0.05). A random forest analysis
showed that the soil water content and daytime O3 mean concentration were the best predictors of
BAI at all sites. The highest mean score of fructification was observed during the dry years, while
low level or no fructification was observed in most humid years. Combined effects of drought and
O3 pollution mostly influence tree growth decline for European beech and Norway spruce.

Keywords: basal area increment; fructification; ozone; soil water content; forest; drought

1. Introduction

Effects of ozone pollution are prevalent in forests throughout the growing season
around the world [1–6]. Tropospheric ozone (O3) is leading serious environmental problems
in Europe [7], as well as in other parts of the Northern Hemisphere e.g., in North America
and South Asia [8]. The adverse effects of O3 on forest can be visible foliar O3 injury [9–12],
a reduction of growth [13,14], or the sluggishness or impairment of the regulation ability
of leaf stomata [11,12]. Some investigations on O3 effects on tree biomass were carried
out worldwide [15–18] including sites in Germany [19]. However, tree responses to O3
under real-world conditions remain under-investigated [18,20], due to the difficulties to
disentangle O3 by other meteorological effects [21]. The total biomass of trees is estimated
to be reduced by 7% under the current O3 mean concentrations (40 ppb on average) and
by 17% at mean O3 concentrations expected by 2100 (97 ppb based on a meta-analysis)
compared to preindustrial O3 levels in North Hemisphere (about 10 ppb) [18].

In Europe, the total stem volume increment for the whole European area declined by
13 million m3 over 178 million hectares between 2005 and 2010 [22], and models predict
severe beech growth declines by 2090, ranging from 20% to more than 50%, depending on
the climate change scenario and the geographical region [23]. A decline in the growth of
basal area was also observed in Switzerland where O3 induced a 19.5% growth reduction
at national level [21,24], in France [25], Austria [26], Italy and Spain [2,27,28], and in
Germany [29] mainly due to rising air temperature (on average, + 1.5 ◦C per decade).
Drought, increasing age, rising background O3 levels, and reduced nitrogen deposition are
some of the environmental factors limiting growth, however the contribution of each factor
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is rarely quantified [21]. According to [27,30,31], at the lower and mid-range elevation of
tree species, there is often a negative relationship between growth and air temperature,
while a positive relationship between precipitation and growth is often reported. Drought,
due to rising air temperature and reduced total precipitation, affected different ecosystems
during last decades [32–34]. The increase of fructification during the last decades has
been also suggested by [35] as factors explaining the growth decline, e.g., for the decline
observed in beech forests in Switzerland [21].

To derive critical levels, the dose-response relationships between tree biomass and
O3 concentrations were established under fumigation experiments and/or in open top
chambers with young trees [36–38]. To date, the biomass reduction is evaluated from fumi-
gation experiments with O3-free air as reference [36–38]. The biomass losses are thus purely
theoretical, i.e., not representative of real world conditions, as such conditions did not exist
in pre-industrial times. The dose–response relationships and associated critical levels were
calculated for European beech and for Norway spruce [38–40]: 5.2 mmol O3 m−2 per leaf
area for European beech (4% biomass reduction) and 9.2 mmol O3 m−2 per leaf area for
Norway spruce (2% biomass reduction). Looking at the forest responses to O3, the Phyto-
toxic Ozone Dose, defined as the amount of O3 absorbed into the leaves or needles through
stomata over the growing season, and above an hourly threshold Y (PODY), integrates
the effects of climatic factors and vegetation characteristics on O3 uptake [41], such as air
temperature, soil moisture, solar radiation, phenology, and wind speed. To investigate
real-world forest-response indicators, such as tree growth, PODY is more realistic com-
pared to the exposure-based approach i.e., the accumulated ozone over threshold of 40 ppb;
AOT40 [42].

In the present paper, we investigated the influence of tropospheric O3 (by using the
PODY metric) and fructification on the radial growth of Rhineland-Palatinate forests over
the time period 1998–2019. In this study, we hypothesized that: surface O3, drought, and
fructification have negative impacts on radial tree growth over the 22-year time period
under field conditions. Furthermore, the question is investigated whether a quantitative
estimation or differentiation of the effects of O3 flux or water stress is possible.

2. Materials and Methods
2.1. Site Description

The study was performed in a network of five permanent low-altitude mountain range
forest sites (Hortenkopf, Neuhäusel, Herdorf, Leisel, and Wascheid) in Western Germany
(Figure 1, Table 1). The investigations focused on the most frequent tree species found in
Western Germany, i.e., Norway spruce (Picea abies) and European beech (Fagus sylvatica)
showing growth reduction and extensive mortality since few years [43]. The long-term
measurements (1998–2019) of air pollutants concentrations and meteorological parameters
were performed in open field monitoring stations surrounded by forests in Rhineland-
Palatinate nearby ICP (International Co-operative program) Level II Plots. The forest plots
are managed as ICP Level II plots according to the ICP Forest criteria [44]. The Environmen-
tal Agency of Germany’s federal state Rhineland-Palatinate operates the ZIMEN (Zentrales
Immissionmessnetz Rheinland-Pfalz) network gathering meteorological and air quality
monitoring stations [45] since 1978. In total, there are 26 monitoring stations in urban,
rural and forest areas of the federal state Rhineland-Palatinate to monitor meteorological
parameters such as wind speed and wind direction at a height of 10 m, air temperature (T;
◦C), relative humidity (RH; %), precipitation (p; mm), vapor pressure deficit (VPD; kPa)
and global radiation (GR; W m−2). These parameters were recorded at standard height
above ground level (i.e., 1 m for p, and 3 m above ground level for GR, T and RH needed
for VPD calculation). The monitoring stations continuously record the concentrations of
O3, nitrogen dioxide (NO2), nitrogen monoxide (NO), sulfur dioxide (SO2) and methane
(CH4) in ambient air at a height of 3 m above the ground level [46,47]. Meteorological
data for the five forest sites were gathered from all stations within 1 km2 around each
site (so-called raster data) and processed by the climatic competency center Rhineland
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Palatinate (Klimakompetenzzentrum Rheinland-Pfalz) to generate InterMet data [48]. The
atmospheric water balance (AWB; mm) was calculated from the difference between the
daily sum of precipitation (p) and daily potential evapotranspiration (PET) during the time
series. Moreover, drought (mm) was defined by the sum of daily negative AWB [46] for
which the soil water supply decreased below 50% of the field capacity [46].
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Figure 1. Geographical location (red circles) of the twinned forest sites (Level II) and nearby meteoro-
logical and air quality monitoring ZIMEN stations in Rhineland-Palatinate (Germany) [46,47].

Table 1. The main characteristics of ZIMEN stations and their nearby ICP Forest Level II forest
plots [47].

Station
Name

Latitude
Longitude

Elevation
(m a.s.l.) Main Tree

Species

Age of Trees
[Years in

2015]

Forest
Canopy

Height (m)

Distance
between Forest Plot

and ZIMEN
Station (km)

ZIMEN
Station Forest Plot

Hortenkopf 49◦27′ N
07◦82′ E 606 550 European

beech 60 25 1.2

Neuhäusel 50◦42′ N
07◦73′ E 540 390 European

beech 123 35 2.2

Herdorf 50◦76′ N
07◦90′ E 480 440 Norway

spruce 101 30 4.6

Leisel 49◦74′ N
07◦19′ E 650 660 Norway

spruce 137 31 0.4

Wascheid 50◦26′ N
06◦37′ E 680 690 Norway

spruce 109 30 0.6
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2.2. Methods
2.2.1. Radial Growth and Basal Area Increment

The radial growth of trees was measured by using permanent girth band at 1.30 m
height, according to the ICP Forest Manual Citation methodology [49], representing the
Diameter at Breast Height (DBH). Radial growth data from 70 trees of European beech
(Fagus sylvatica) and 250 trees of Norway spruce (Picea abies) were analyzed (Table 2).

Table 2. Extent of the dataset from 1998–2019.

European Beech Norway Spruce

Hortenkopf Neuhäusel Herdorf Leisel Wascheid

Number of trees for annual measurements
of radial growth 26–30 41 82–92 88 74–77

Total number of observations of basal area
increment from 1998 to 2019 632 902 1780 1936 1661

Number of observation for fructification
per year (min-max) *, ** 0–43 24–47 80–143 68–98 70–79

* Observations of fructification started in 2008 in Hortenkopf; ** Herdorf does not have data in 2019 anymore due
to bark beetle infestation.

Annual forest growth, linked to the Basal Area Increment (BAI) of each tree, is the
change in cross-sectional area at breast height associated with each annual ring [50]. When
BAI is estimated from ring-width series, a value for the tree diameter is required. This
diameter is ideally measured in the field but can also be estimated as the sum of the annual
ring widths. Basal area was calculated with the help of Equation (1).

Basal area
(

cm2
)
= (DBH/2)2 ∗ π (1)

where DBH is the diameter at breast height before start of the growing season (in cm). For
a discrete year Y, BAI = Basal area (Y)–Basal area (Y − 1). The BAI was taken as a proxy for
radial growth of the sampled trees [21,51–53] which represent the whole forest stand.

2.2.2. Fructification

Fructification has an influence on biomass growth [54]. In beech, annual fructification
was determined by visual assessment of fruit scars backwards on the branches collected
for nutrient analysis. In Norway spruce cones were estimated during the annual visual
assessment [49]. Finally, the annual fructification severity was recorded as four scores
(0 = absent, 1 = scarce, 2 = common and 3 = abundant fructification) for selected tree
sample (Table 2). If the data could not be recorded, because not easily recognisable and
assessable due to obstacles, they are recorded as missing values (Table S1). In the case
of the Hortenkopf site, fructification data are only available since 2008. In contrast to the
metric increment data, the fructification observations are on an ordinal scale level. For
correlation analysis, we calculated for each plot and each year an averaged fructification
severity (mean fructification scoring) by joining all trees of the plot.

2.2.3. Ozone Flux

The Phytotoxic Ozone Dose (PODY, in mmol m−2 per leaf area) with an hourly uptake
threshold Y = 1 nmol O3 m−2 per leaf area s−1, as recommended by CLRTAP (2017) [36],
was calculated from O3 concentrations and meteorological measurements for the five forest
sites in western Germany by using the DO3SE model [55] and applying the Continental
Central European parameterization for European beech and Norway Spruce [36]. The
methodology is described in detail in [47]. This DO3SE model has been already validated
against in-situ observations for different forest species at several locations across Europe,
with correlation coefficients ranging from 0.65 to 0.80 (e.g., Nunn et al., 2005; Fares et al.,
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2014) [56,57]. The yearly POD1 values, calculated at the 5 sites between 1998 and 2019, are
presented in Table S2.

2.2.4. Comparison to Actual Yield Tables

Bender et al. (2015) [58] suggested the year 1980 as reference for O3 levels to estimate
more realistic yield losses (Table S3). To assess the trees growth between 1998 and 2019
within our plots, the growth data were compared with the yield tables provided by the
Northwest German Forest Research Institute [59]. As growth performance, we considered
the annual BAI calculated from permanent girth band measurements (Table S3). To assess
the forest growth, a comparison of the BAI and DBH with yield tables was carried out
during the 22-year time series. As large area yield table values do not correspond exactly
with measured growth parameters, due to different competition conditions, site-specific
water and nutrient balance and genotypes, the growth trends for the mean DBH and the
basal area per tree were compared (Figures S3 and S4). Differing regression coefficients
between the growth trend of the yield tables and the DBH and basal area values measured
in the field are used as an indicator for poorer or better growth.

2.2.5. Statistical Analyses

For all data, i.e., the fructification, POD1, yield table values, the mean basal area (BA)
and the mean DBH, we applied non-parametric statistical tests that are more suitable for
non-normally distributed data, missing data, and extreme values, which are frequently
encountered in environmental time series [60]. These tests can also be applied to small
datasets whose distribution shape cannot be specified with certainty. A 10-year time series
of environmental data is long enough to assess short-term trends [60,61]. To detect changes
in POD1, BAI and fructification severity, the non-parametric Mann-Kendall test, coupled
to the Sen’s slope estimator, was used [60] as well as the Spearman’s rho test. Statistical
significance was set at p < 0.05. Statistical analyses were performed with Excel, SPSS, and
R software. A principal component analysis (PCA) was used to analyze the dependence
among variables, and applied to yearly data [62,62]: BAI, fructification severity, POD1,
daytime mean O3 concentration, global radiation (GR), air temperature (T), soil water
content (SWC), drought duration, atmospheric water balance (AWB) and the elevation of
forest sites. The random forest analysis (RFA) is a method for classification [10] and was
applied to rank the importance of variables in a regression or classification [47,61]. The RFA
was carried out to understand and determine the importance of each variable, averaged
over the growing season, in determining growth and fructification.

3. Results
3.1. POD1 and Potential Biomass Loss

The highest POD1 (29.7 mmol O3 m−2 per leaf area) was registered at Leisel in 2007,
and the lowest POD1 (12.6 mmol O3 m−2 per leaf area) was measured at Hortenkopf in
2019 (Table S2). Over the period 1998–2019, POD1 significantly decreased over time: −0.56,
−0.26, and −0.24 mmol m−2 year−1 in Hortenkopf, Herdorf, and Wascheid, respectively
(Table 3). A not significant (p > 0.1) downward trend in POD1 was observed in Leisel
(−0.11 mmol m−2 year−1).

The potential biomass loss in beech and Norway spruce for all sites during the time
period 1998–2019 are presented in Table S3, and there is no significant difference between
O3 flux and biomass loss. The potential maximum reduction rate of biomass (Table 3)
on beech stands (on average 15.2% ± 3.2%) is higher than on Norway spruce stands (on
average 3.0% ± 0.8%). Based on POD1 values, the highest reduction rate was observed in
2000 at Hortenkopf and the lowest reduction occurred in 2018 at Herdorf (Table S3). Higher
reductions were observed in wet years (i.e., 2000, 2007, 2008) and lower reductions occured
in drier years, e.g., 2018 and 2019 (Table S3). Based on baseline O3 levels (year 1980), the
maximum reduction rates were observed in the same years, while the averaged reduction
rate are lower, i.e., 7.9% ± 3.2% for beech and 1.7% ± 0.8% for Norway spruce (Table 3).
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Table 3. Mean values, standard deviations (± SD), and annual trends (Mann-Kendall test) of stom-
atal ozone flux (POD1), maximum potential biomass loss (a) and potential biomass loss in beech
and Norway spruce for all sites with the 1980 ozone reference (b) over the time period 1998–2019
(significance level: *** p< 0.001; * 0.01 < p < 0.05).

Hortenkopf Neuhäusel Herdorf Leisel Wascheid

POD1 (mmol/m2 per leaf area) 21.94 ± 4.3 21.11 ± 3.0 20.20 ± 2.7 25.50 ± 2.4 22.75 ± 2.8
Trend in POD1 (mmol/m2 per year) −0.56 *** −0.17 * −0.26 *** −0.11 −0.24 *

(a) Potential max. rate of reduction (%) 15.6 ± 4.0 14.8 ± 2.8 2.4 ± 0.6 3.6 ± 0.5 3.0 ± 0.6
(b) Potential max. rate of reduction_1980 (%) 8.3 ± 4.0 7.6 ± 2.8 1.2 ±0.5 2.3 ± 0.5 1.6 ± 0.6

3.2. Basal Area Increment

The highest yearly mean BAI value for beech sites (37.49 cm2) was observed at
Neuhäusel in 2009, and the lowest value (11.66 cm2) was reported at Neuhäusel in 2011
(Figure 2a). In Norway spruce sites, the lowest value was found at the oldest site, i.e., Leisel
(6.41 cm2) in 2011, and the highest growth value (34.64 cm2) was measured at Herdorf in
2003 (Figure 2b). In all sites, the lowest BAI increment is observed in 2011, one of the driest
years at all forest sites (Table S7), and no significant temporal trend in BAI was observed,
except in Leisel (Figure 2). Figure 2 shows higher BAI values in some wet years (e.g., 2002,
2007, 2008). Over the time period 1998–2019, BAI significantly decreased over time in Leisel
(−0.37 cm2 per year) while not significant downward trends were observed in Neuhäusel,
Wascheid, and Leisel (Figure 2). A slight BAI increase (p > 0.1) was found in Hortenkopf
(+0.03 cm2 year−1).
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Increment (in cm2 per year) is showed for all sites over the time period 1998–2019. Significance level:
* 0.01 < p < 0.05; + 0.05 < p < 0.1; or p > 0.1.

3.3. Fructification

Among the European beech sites, the years 2014 and 2016 have displayed so-called
“mast years” (i.e., when trees produce a bumper crop of their fruits) with the highest
fructification for Hortenkopf as young beech population (Figure 3a, Table S6). Moreover,
the year 2011 is a particular “mast year” with the highest number of dry days (125 days
in total; Table S7a during the available data for fructification. In Neuhäusel, the year
2006 is a “mast year” (mean fructification scoring: 0.62), associated to a high level of
maximum cumulative water deficit (−74.90 mm; Table S7a). Furthermore, the years 2014,
2018 and 2019 showed particular “mast years”, especially in 2018 (mean fructification
scoring: 0.58) with the longest number of dry days (93 days in total; Table S6a) and the
highest max cumulative water deficit (−119.80 mm; Table S7a). For Norway Spruce, the
years 2003, 2004, 2006, and 2014 showed a higher fructification severity (mast years). At
Leisel, the fructification in 2006 and 2014 is high (Figure 3b; Table S6). The highest mean
score of fructification (=2.25) was observed in Herdorf for the year 2011 associated to a
max cumulative water deficit (−67.70 mm; Table S7b). A similar observation was made
by Leisel in 2011 with a high fructification scoring (=1.86) and a max cumulative water
deficit (−74.70 mm; Table S7b). During the drier years (e.g., 2003, 2006, 2011, 2016, 2018
and 2019), we observed heavy fructification of spruce (on average, score of 0.60), while
in most humid years (e.g., 1999, 2007, 2008 and 2010), low level or no fructification was
observed (Figure 3b). Over the time period 1998–2019, a null trend in fructification severity
was observed in all forest sites.
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Figure 3. Mean score of fructification (0 = absent, 1 = scarce, 2 = common, and 3 = abundant
fructification, dimensionless) for (a) European beech and (b) Norway spruce sites over the time
period 1998-2019. * no data fructification data from 1998 to 2007 and 2012 and 2013 available. ** no
fructification data for 2019 available.

3.4. PCA Analysis

The first and second axes justified the most significant changes in eigenvalues, i.e., 34.9%
and 56.4% of the accumulated variance, respectively (Tables S4 and S5). Fructification is
more linked to GR, T, and drought duration than other meteorological parameters, and
point in the same direction. The low angle is a sign of the high correlation between these
parameters and the first axis (Figure 4). Moreover, there were very long vectors, such as
drought duration and SWC, that highlight the importance and high contribution of the
first axis as compared to vectors with shorter length like mean score of fructification. POD1
and O3 concentration are closer to orthogonality, which is associated with independency
(Figure 4) and site elevation, and BAI is more linked to lower elevation, POD1, and a little
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bit more to water availability. BAI and T as well as drought duration are correlated neither
to axis 1 nor to axis 2 (Figure 4).
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Figure 4. Principal Component Analysis at five forest sites in Rhineland-Palatinate (Germany) over
the time period 1998–2019 between following annual data: daytime ozone mean concentration (O3;

ppb), Phytotoxic Ozone Dose over a threshold 1 nmol m−2 per leaf area s−1 (POD1; mmol O3 m−2),
basal area increment (BAI, cm2), mean score of fructification, atmospheric water balance (AWB; mm),
soil water content (SWC; %), air temperature (T; ◦C), global radiation (GR; W m−2), drought duration
(number of days), and elevation (Elev., m above sea level).

3.5. RFA Analysis

By performing a RFA for the European beech sites, the most important factors affecting
fructification severity were the BAI and annual daytime O3 mean concentration (Figure 5a,
Table S8), while SWC and daytime O3 mean concentrations were the most important
predictors for radial growth (Figure 5b). Regarding feature importance, BAI, drought
duration, and POD1 showed a negative impact on the fructification prediction. For radial
growth prediction, AWB was the third important factor (Figure 5b, Table S9). For European
beech, POD1 and drought duration were not important factors for radial growth.

In Norway spruce sites, annual daytime O3 mean concentrations and air temperature
are the most important factors in determining fructification (Figure 6a, Table S8). Moreover,
fructification severity and O3 mean concentrations are the most important factors for radial
growth (Figure 6b, Table S9). Similarly to European beech, drought duration and POD1
showed a negative impact on the fructification prediction. For radial growth prediction,
POD1 was the third important factor (Figure 5b).
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in determining (a) fructification, and (b) Basal area increment in five sites during the time period
1998–2019.

3.6. Comparison with Yield Tables

Figures S3 and S4 show the linear regression between yield table values (in 5-year
steps) and measured values every year for mean DBH and basal area per tree. The slope
of the trend line for measured DBH is smaller than the slope of DBH, except for spruce in
Herdorf. The trend in BA is less significant compared to DBH. The slopes of BA growth are
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higher for the sites Herdorf and Hortenkopf, i.e., these stands grow faster than expected
by yield table values (Table 4). For other sites, the slopes for measured values are smaller,
i.e., they showed a slighter growth over time than expected. For both growth parameters, a
slump in growth can be seen on all areas in 2011. The year 2011 was a meteorologically
deviating year with severe drought in spring. The lowest growth trend can be found in
Neuhäusel. At this site, the slopes of the measured and expected growth trends from the
yield tables differ the most. The stands in Herdorf and Neuhäusel as well as Leisel were so
severely damaged by drought stress and/or bark beetle infestation (Herdorf and Leisel) in
the dry years 2019, 2020, and 2021 that the increment measurements were abandoned due
to the lack of healthy dominant trees in 2020 (Herdorf) and 2021 in Leisel and Neuhäusel. It
will take several decades until representative increment measurements for forest monitoring
of adult stands are possible again.

Table 4. Regression analysis of Brest Height Diameter (cm). The regression equations are the result of
a trend analysis between BHD or Basal Area Increment (BAI) of the specific age and yield power (site
quality class defined by height of dominant trees) which are compared with the regression equation
during the same time span of measured DBH or BAI. Afterwards the significance (p ≤ 0.05) of the
slopes was determined using a t-test between the Expected Growth (Yield Table) and the Measured
Growth values.

Sites Yield Table Measured

Significance
between Yield

Table and
Measured Values

Regression analysis of Brest Height Diameter [cm]

Hortenkopf y = 0.6225x − 1227.2 y = 0.5660x − 1110.9 *

Neuhäusel *
y = 0.6345x − 1220.4 y = 0.3149x − 583.93 *
y = 0.4959x − 950.48 *

Herdorf y = 0.3433x − 649.44 y = 0.3544x − 670.85 *
Leisel y = 0.4571x − 871.38 y = 0.1900x − 340.20 *

Wascheid y = 0.3566x − 670.51 y = 0.3125x − 582.45 *

Regression analysis of Basal Area Increment [cm2]

Hortenkopf y = 17.004x − 33788 y = 21.272x − 42170 *

Neuhäusel *
y = 32.292x − 63304 y = 24.383x − 47075 *
y = 44.244x − 86789 *

Herdorf y = 21.361x − 41677 y = 22.953x − 44749 *
Leisel y = 14.514x − 28001 y = 14.000x − 26714 *

Wascheid y = 21.650x − 43029 y = 22.090x − 42731 *
* In Neuhäusel applied two tables for a higher a lower yield power.

4. Discussion

Between 1998 and 2019, the study revealed significant decrease in POD1 (except in
Leisel) over time by on average 0.31 mmol m−2 year−1. A significant decline in BAI, i.e., a
decrease in radial growth, was observed in the oldest site (Leisel, 137-year-old). A decline
of annual growth in mature Fagus sylvatica trees over the last half-century was previously
reported across Europe [24,27,33].

The effects of various parameters of water supply (e.g., drought, SWC, and VPD) were
investigated by applying a RFA, and SWC was one of the most important predictors of BAI
for all sites. These findings are in agreement with previous studies (e.g., Dohrenbusch et al.,
2002 and Schäfer et al., 2019 [63,64] in Germany, Sánchez-Salguero et al., 2012 [65] in Spain
and Adams and Kolb, 2005 [66] in USA). These results observed a significant reduction
in growth rate under drought stress conditions. Granier et al., 2007 [67] have showed
in Germany and Castagneri et al., 2014 [68] in Italy that drought and heat waves have
a negative impact on trees growth. Agyei et al. (2021) [69] found with eddy covariance
techniques that severe drought led to stomatal closure and less stomatal O3 flux, while
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less harmful non-stomatal O3 deposition on cuticula, bark, soil, and/or water as well as
chemical reactions of O3 with NO and volatile organic compounds substantially increase.
Particularly, European beech, predominant in lowland forests in Central Europe, showed a
greater sensitivity to drought than coniferous sites (Norway spruce) [2]. Another important
factor for BAI was the surface O3 mean concentration. Braun et al., 2014 [24] confirmed the
growth reduction by O3 in Switzerland. Paoletti et al., 2018 [2] found that by averaging
SWC and O3 concentration over more than five years, the effects on growth of European
beech disappeared, and thus recommended to use fine time-resolution and to include
co-factors, e.g., thinning, tree age, and size, to accurately investigate the drought and O3
effects on trees growth.

In Austria, Vospernik (2021) found that soil type and soil moisture were significant
factors for tree growth decline [53]. Growth decreased at dry sites, but very moist and wet
sites could result in either a decrease or an increase in growth, depending on the tree species.
Picea abies and Fagus sylvatica were two tree species, which were mainly favored by mixture
effects. The relationship between BAI and stem-volume increment or biomass annual
production was investigated in 30 dominant European beech in northeastern France [51].
The annual growth is influenced by meteorology during the growing season, particularly
drought events. To quantify decline, Livingston et al. (2017) [52] calculated changes in
hemlock yearly radial growth using BAI measurements to identify periods of growth
decline in eastern North American forests. The onset of growth decline periods was
predominantly associated with either pest infestation or drought.

Usually the maximum potential biomass loss, due to O3 pollution, is calculated from
dose-response relationships for beech and spruce published in Mapping Manual [36]. How-
ever, these losses are often high because they are related to O3 free air (charcoal filtered air)
experiments, not realistic and not representative of real field conditions [6]. Therefore, a
more realistic O3 baseline, established for the year 1980, was suggested to better represent
the background conditions with anthropogenic sources, i.e., pollution from industry and
traffic [58]. The calculated biomass losses using the dose-response function [36] is unreal
high. Even the biomass losses calculated from reference data [58] led to lower but still not
convincing and understandable results. This is due to two different reasons. On the one
hand, the dose-response curve is related to an (unrealistic) unnatural zero point, namely
ozone-free air [38], which never existed during the evolution of tree species, and on the
other hand, the fumigation experiments were conducted with trees in their early juvenile
phase [38], which show a completely different growth and allocation behaviour of assim-
ilates to adult trees. Juran et al. (2018) [70] found that net ecosystem production (NEP)
simulated at low, pre-industrial O3 flux rates (0.5 nmol m−2 s−1) was 24.8% higher as com-
pared to NEP assessed at current (8.3 nmol m−2 s−1) O3 flux rates. Juran et al. (2018) [70]
also found that high site-specific variability in O3 concentration affects photosynthetic car-
bon uptake, as a species-specific sensitivity of stomata to environmental factors is evident.
The simultaneous occurrence of other stress factors, especially extreme temperatures and
drought, which lead to changes in stomatal conductance and stomatal ozone flux, may
also influence the correct response of trees to O3 concentration. The few epidemiological
findings, especially, from Switzerland [21,71] (Braun et al., 2017, Braun et al., 2007) support
these objections. The application of the dose-response relationship from such fumigation ex-
periments leads to an overestimation of biomass losses due to O3 [14] (Cailleret et al., 2018).
The potential maximum reduction rate of biomass on beech stands (on average 15.2%) is
higher than on Norway spruce stands (on average 3.0%), corresponding to the differential
sensitivity to O3 evidenced by different slopes of the dose-response relationships [36,38].

Comparisons of BAI and DBH with current increment tables [56] showed that incre-
ment loss has not occurred or is negligible. It should be noted, however, that the increments
included in growth tables come from observations on sage plots that were observed under
ambient O3 influence, i.e., already include a normal O3 exposure. Therefore, both methods
are not useful for determining growth losses. Only O3 gradients, free air (face) fumigations,
or growth models parameterised without or only with low O3 influence provide reasonably
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plausible results for the O3 influence. However, many such experimental setups hardly take
into account the interactions between temperature, O3 concentration, N deposition, and
drought. This complex interaction of ecological factors can only be achieved by field obser-
vations. The younger stands in Herdorf (Norway spruce) and Hortenkopf (European beech)
showed a somewhat higher or similar growth trend as in the Yield tables. Cailleret et al.,
2018 [14] considered O3 effects on the growth of European forests to be controversial and
negligible. According to Cailleret et al., 2018 [14], physiological aspects will explain impacts
caused by O3, while at the higher ecological scale of stand growth other factors, such as
drought and nitrogen supply, effects of past land use and forest management, as well as
acclimation of trees to site conditions and the resulting competitive conditions (population
adaptations and species composition), may interfere and cause a differential response in
growth behaviour.

Fructification increases with increasing air temperature and SWC. This means that,
during years with high seed production (especially 2011), European beech and Norway
spruce show reduced growth, which is in agreement with findings of Braun et al., 2017
and Piovesan et al., 2008 [21,28]. Moreover, other studies have reported reduced diameter
and/or height growth of Norway spruce due to fructification [62,72]. However, most
studies on the fructification of forest trees are based solely on estimates of the number of
fruits or cones [73].

Far-reaching and threatening events, such as bark beetle infestations, or the sequence
of extreme drought events in recent years (e.g., 2019 to 2021) have to a collapse of individ-
ual stands (Herdorf, Leisel and Neuhäusel). The onset of senescence was predominantly
associated with either pests’ infestation or drought. Trees can be debilitated by stress and
thus become more susceptible to predator attacks or environmental stress, until they have
not enough energy and organic substances to defend against such attacks or environmen-
tal conditions.

5. Conclusions

Forest trees exhibit a large variation in BAI, which depends on the individual tree
and its interaction with abiotic and biotic factors. Investigations of O3, drought, and
fructification on tree growth are essential for forest ecology and forest management, because
they determine a big part of tree growth [53]. Under stress like severe drought, trees
will grow slower or not at all. Diameter at breast height measured by growth bands on
Beech or Spruce is a valuable tool for dendrochronological investigations. To detect and
accurately estimate trends in DBH over time, such measurements should be performed
annually at monitoring ICP-forest plots on long-term. By interpreting calculated growth
loss, effects of drought, fructification and O3-Flux should be considered. Depending
on the investment of assimilates in growth, reproduction, defense against parasites or
toxic substances (e.g., ozone), growth or storage, in a broader sense of [74], the growth
parameter expressed as BAI varies and is not directly causally related to an influencing
variable such as O3 flux or drought. A growth decline could be aggravated by projected
climate change. To date, some tools or models exist (e.g., dose–response relationship
and yield tables) to estimate the tree growth losses. Theoretically, the dose–response
function [36] is not a reliable tool for mature trees, because they are established in open-
top chamber experiments with young trees showing different growth performance than
adult ones [14,38] and the O3 levels are not representative of field conditions. The yield
tables represent real world conditions and use the BAI and age of trees to calculate growth
loss. However, an assessment by inter-comparison of different approaches and tools is
needed at regional scale. By including some additional co-factors (e.g., nutrient supply,
biotic interactions) in form of growth models, it would be possible to have more accurate
growth results. The present study showed that growth reduction at stand level can hardly
be detected, although the modelled O3 fluxes allowed for site-specific differentiation
(according to species, age, water, and nutrient supply). Drought led to lower O3 flux.
Indeed, even if high O3 concentrations are formed by high temperature, O3 cannot penetrate
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the plant due to lower leaf conductivity. This means that the chemical part in the atmosphere
and the physiological part at the plant level are well understood, but the ecological effects
and interactions at higher levels such as at the stand level are not well understood yet [14].
A further step would involve improved, calibrated, and monitored growth models, as
well as insight (partitioning) into the energy expenditure of detoxification, defense, and
storage. Site-calibrated models, possibly also using stable isotope fractionation (e.g., 13C,
18O, and 2H) for partitioning carbohydrate allocation into defense, growth/accumulation,
and reproduction components, may be successful in detecting the influence of drought and
pollutants. Future research challenges include model development to expand the sets of
site-specific biological, climatic, soil, and O3 data to refine site and species-specific growth
model, as well as partitioning carbohydrate allocation. There is also an urgent need for the
further development of field-based validation on mature forest stands of the O3 flux-based
method to establish robust flux–effect relationships in order to provide valuable critical
levels for forest protection against O3 pollution. Therefore, we recommend a large-scale
epidemiological investigation applied to biomass losses as measured in real-world forests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13081215/s1, Table S1: Missing values for fructification at all
sites during the long time series; Table S2: Accumulated O3 flux based on PAW approach with DO3SE
model for each year during the long time series in all sites.; Table S3: Annual average, and standard
deviation (± SD), of the potential biomass loss in beech and Norway spruce for all sites during the
time period 1998-2019, (a) Potential maximum rate of reduction (%) and (b) Potential maximum
rate of reduction (%) critical level compared to before 1980 (the highest values are in red and the
lowest values in blue); Table S4: Eigenvectors of the PCA ordination in Figure 3; Table S5: Eigenvalue
and proportions of Eigenvalues from PCA in Figure 3; Table S6: Annual fructification severity was
recorded as four scores (0 = absent, 1 = scarce, 2 = common and 3 = abundant fructification) for each
individual tree. For each year and site, we have calculated an averaged fructification severity by
joining all trees of the plot (mean fructification scoring, dimensionless); Table S7: Number of drought
duration and max cumulative water deficit for (a) Beech and (b) Norway spruce during the long time
series (from 1998 to 2019); Figure S1: Scattergram of POD1 and Basal Area increment. The annual
points are shown as pie charts of the fructification frequency classes: Frequency of fructification
(absent in light green, scarce in dark green, common in orange and abundant in red color highlighted
for the years 1998 to 2019; Figure S2: Scattergram of drought duration and Basal Area increment. The
annual points are shown as pie charts of the fructification frequency classes: frequency of fructification
(absent in light green, scarce in dark green, common in orange and abundant in red color highlighted
for the years 1998 to 2019; Figure S3: Mean BHD per tree; and Figure S4: Mean Basal area per
tree; Table S8: Results of Random Forest Analysis (RFA) showing the most important predictors in
determining fructification; Table S9: Results of Random Forest Analysis (RFA) showing the most
important predictors in determining Basal area increment.
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