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Abstract: Highlights: European beech (Fagus sylvatica L.) and silver fir (Abies alba Mill.) displayed
parabolic elevational trends of the cessation of xylem cell differentiation phases. Xylem phenology
and growth rates of Scots pine (Pinus sylvestris L.) appeared to be less influenced by the 2018
drought, whereas beech reduced growth on the lowest elevation and fir seemed negatively affected
in general. Background: The year 2018 was characterized by multiple drought periods and heat
waves during the growing season. Our aim was to understand species-specific responses of xylem
phenology and growth to drought and how this effect was modified along an elevational gradient.
Materials and Methods: We sampled microcores and increment cores along an elevational gradient
in the southwestern Black Forest (SW Germany) region and analyzed xylem phenology and growth
response to drought. Results: Termination of cell enlargement and lignification occurred earliest
in beech and latest in pine. Beech had the highest growth rates but shortest growth durations, fir
achieved moderate rates and medium durations and pine had lowest growth rates despite long
growth durations. In contrast to pine, onsets of cell differentiation phases of fir and beech did not
show clear linear relationships with elevation. Cessation of cell production and lignification of beech
and fir followed a parabolic elevational trend and occurred earliest on low elevations, whereas pine
showed no changes with elevation. Tree-ring width, generally, depended 3–4 times more on the
growth rate than on growth duration. Conclusions: The possibly drought-induced early cessation
of cell differentiation and considerable growth reduction of beech appeared to be most severe on
the lowest elevation. In comparison, growth reductions of fir were larger and seemed independent
from elevation. We found evidence, that productivity might be severely affected at lower elevations,
whereas at high elevations wood production might not equally benefit during global warming.

Keywords: cambial activity; tree-ring analysis; elevational gradient; climate change; forest growth;
wood formation; lignification; dendroecology

1. Introduction

Climate change-induced drought and heat stress affects forest ecosystems in a complex
manner; it impacts its integrity and potential to persist, even in environments that are
generally well supplied with water [1,2]. In 2018 a hot drought, one of the most severe and
long-lasting summer drought anomaly in combination with heat waves, hit Central Europe.
It is claimed that the hot drought in 2018 had a stronger impact on forest ecosystems than
the drought of 2003 [3]. The peculiarity of hot droughts lies in the heat wave occurring on
top of the drought period, which is boosting the negative effects on vegetation growth [4].
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Hence, trees were suffering extreme abiotic stress which was often followed by biotic
agents and unprecedented drought-induced tree mortality [5]. It is anticipated that climate
change will intensify such hot drought conditions and increase their frequency [5,6].

The ability of trees to stay alive and endure the ongoing climatic changes with its
extreme weather events, strongly depends on the capacity of its organs to maintain essential
functions, such as the water and nutrient transport [7]. However, changing weather condi-
tions and climate are forcing trees to continuously adjust. Xylem phenology, the crucial
timings in the wood tissue developmental phases, is a fundamental response mechanism of
trees to adjust and adapt to extrinsic changes and hence, is very sensitive to climate change
effects [8,9]. Xylem phenology varies widely between years and shows high plasticity,
being controlled by several factors varying throughout the growing season [10–12]. Similar
to leaf phenology [13], ambient temperature is the main factor controlling onset of cam-
bial activity and wood formation regardless the elevation and latitude of the site [14–16].
Water supply can play a significant role later in the growing season and cause premature
cessation of wood formation, especially at sites which are climatically constrained by low
precipitation amounts [17,18]. Water supply thus influences wood formation and resulting
wood anatomical properties [19]. Furthermore, the photoperiod is suggested to play a role
in controlling the onset and cessation of xylem cell differentiation phases [20], and its effect
is also visible in the culmination of the radial growth rate which, in temperate forests, often
occurs around the summer solstice to ensure the completion of the maturation of all cells
before winter [21,22].

In addition to external factors, intrinsic factors also influence xylem phenology, such
as genetics, tree vitality, tree age and/or tree size [21,23–25]. Furthermore, wood formation
itself is found to control inherent cell differentiation phases, by cell differentiation phases
determining subsequent processes and timings [26].

Increased mortality rates of Norway spruce in many areas of Central Europe are
indicative of the maladaptation of this species to the current growing conditions [27]. To se-
cure the climate protection function of temperate forests, long-term strategies are required
for the regrowth of the forests after these die-backs with the option of including alternative
tree species better suited to the challenges of ongoing climate change [28]. Therefore, it is
crucial to understand and compare intra- and interspecific growth responses to environ-
mental stress and climate change under contrasting site conditions [19]. Silver fir (Abies
alba Mill.), Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvcatica L.) are native
European forests and discussed as possible substitutes for Norway spruce. In context of the
negative effects of climate change, the late-successional silver fir is less sensitive to drought
compared to Norway spruce [29,30]. Silver fir is an ecologically and economically highly
valuable tree species, and an important component of the potential natural vegetation
mainly on medium to high elevation sites in Central Europe [31]. Despite the fact that on
many sites in Central Europe silver fir seriously suffered under environmental stresses in
the 1970 and 1980s [32,33], today it is considered a candidate species with climate change
adaptation potential in forest management planning [34–36]. The life strategy of silver fir
can be characterized as intensive and efficient with short durations of cell differentiation
phases and high growth rates [37,38]. Scots pine as a pioneer species adopts a risky, exten-
sive life strategy with long differentiation of xylem cells and low growth rates in order to
gain the lead in accessing new resources [38]. Scots pine is a European key tree species and
by its flexible root system and its broad physiological amplitude is considered less sensitive
to drought than Norway spruce or silver fir [36,39,40]. However, in some dry regions in
Europe, a complex disease phenomenon with heat-drought-associated die-back of Scots
pine was already observed [41,42]. There is evidence that silver fir and Scots pine have
contrasting leaf phenology and maximum daily rates of tracheid production, but similar
timings in xylem phenology [38]. However, up to now, there exist only few observations
of the xylem phenology of Scots pine during drought or in xeric environments [43,44].
European beech is the forest tree species which would dominate the potential natural
vegetation on most sites in Central Europe [31,45]. Beech is considered sensitive to heat
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and drought, however, as the main deciduous tree species important to include in the
queue of alternatives for Norway spruce. Beech xylem and leaf phenology was frequently
analyzed and compared to conifer species, and can be characterized by later onsets and
earlier cessation timings, resulting in a general safer life strategy to prevent frost damage
of xylogenetic or tree physiological processes [14,17,46–49]. However, observations of the
direct effect of drought on beech wood formation and its phenology are also scarce.

By using elevational transects we intend to observe tree growth along ecological
gradients with, typical for the study region, decreasing annual average air temperatures
and increasing annual precipitation sums with increasing elevation. Although numerous
studies used this research design to monitor and understand the environmental control
of wood formation, such as the delayed onset of wood formation with increasing eleva-
tion [16,18,38,50], xylem phenology of European beech along elevational gradients and in
particular in comparison with silver fir and Scots pine has not, or has rarely been, investi-
gated [44]. An advantage of the elevational gradient is the spatial proximity between the
elevational levels guaranteeing highly synchronous weather fluctuations among the sites.
An important precondition for the requirements of a “true gradient” [51] is that despite the
differences associated to elevation and climate, all other growth relevant factors remain
similar such as photoperiod, soil type, species composition and stand structure.

This study contributes an analysis of xylem phenology and growth response of mature
European beech, silver fir and Scots pine trees growing along a four-level elevational
gradient in the Black Forest region of southwestern Germany during the extreme drought
year 2018. We expected no difference in the date of onset and cessation of wood formation
between Scots pine and silver fir, but in comparison a later onset and earlier ending and a
shorter total duration of wood formation in European beech. In addition, we hypothesized
that independent of species, onset of cell production was triggered mainly by spring
temperature, thus being delayed with increasing elevation due to decreasing temperature.
Moreover, we supposed that the onsets of subsequent cell differentiation phases were
controlled by and correlated to the onset of cell production. At lower elevations water
availability is a major growth limiting factor due to generally warmer and drier conditions,
thus we assume in 2018 trees at low elevations to cease growth earlier, compared to
increasing photoperiod limitations at higher elevations. Consequently, the duration of cell
differentiation phases would show non-linear relationships with elevation, due to longest
durations at the medium elevations mediated by only moderate limitations of temperature
in spring and water availability in summer. We expected no differences in the day of
maximum growth rate between elevations, as it is assumed to be mainly controlled by
photoperiod and to occur close to the timing of summer solstice. Complementary to xylem
phenology, we explored possible species-specific responses to drought in the growth rate
and tree-ring width and expected similar patterns of water limitation on low elevation sites
and photoperiod limitation on high elevation sites. By integrating the information on the
timing and rates of tree growth in response to one of the hottest droughts in the region since
the beginning of instrumental recordings of climate data, we anticipated novel insights
into the responses of xylem phenology and wood formation of three major European tree
species in the context of climate change.

2. Materials and Methods
2.1. Research Design and Climatic Conditions

Study sites were selected along a four-level elevational gradient (450, 650, 850 and
1100 m a.s.l.) in the southern Black Forest, close to the city of Freiburg (47◦59′41.38′ ′ N,
7◦50′59.57′ ′ E; Figure 1). The elevational gradient contains two transects with each repli-
cation containing four plots, respectively (Figure 1). The eight northwest-facing plots are
mostly situated on clayey gritty slopes and are covered by forest stands dominated by
European beech and silver fir with admixed Scots pine trees.
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Figure 1. Location of study sites within the Black Forest, southwestern Germany. Plots (red dots) are labelled after their
elevational level (low, low-med, med-high, high) and transect number (1 or 2). Digital elevation model provided by [52].

In sum, we selected 66 dominant and co-dominant, vital trees of European beech,
silver fir and Scots pine without any visible marks of stem and crown damage. According to
the forest stand records, stand age ranged between 70 and 100 years, and on the uppermost
elevation beech stand age ranged between 90 and 130 years. On the uppermost elevation,
above 1000 m a.s.l., we could not find Scots pine sample trees that met the selection criteria,
resulting in the selection of three individuals only for European beech and silver fir within
each transect. On the three remaining elevational levels, three individuals of all species
within each plot were selected. Tree height and mean diameter at breast height of the
sample trees as well as average stand basal area for each elevational level are shown in
Table 1.

Table 1. Average stand basal area, sample sizes, mean diameter at breast height (DBHob) and mean
tree height with corresponding standard errors at each elevation.

Elevation Stand Basal Area
[m2/ha] Species Number

of Trees DBHob [cm] Tree Height [m]

low:
450 m

20.5 ± 1.2
European beech 6 47.7 ±1.5 30.2 ±1.8

Scots pine 6 41.3 ±1.3 30.5 ±1.4
silver fir 6 51.1 ±2.1 25.0 ±2.0

low-med:
650 m

24.4 ± 1.9
European beech 6 48.7 ±3.4 30.4 ±0.8

Scots pine 6 53.5 ±3.5 30.7 ±1.0
silver fir 6 58.8 ±3.2 30.6 ±1.2

med-high:
850 m

25.3 ± 1.4
European beech 6 35.9 ±2.8 24.7 ±1.8

Scots pine 6 42.2 ±1.9 24.9 ±0.5
silver fir 6 58.1 ±1.8 26.5 ±1.1

high:
1100 m

24.7 ± 1.9
European beech 6 31.9 ±1.6 23.5 ±2.3

silver fir 6 37.6 ±4.4 22.6 ±3.8

The study area is characterized by a sub-Atlantic temperate climate with a mean
annual air temperature of 7.7 ◦C and a mean annual precipitation sum of 1394 mm (1968–
2018, [53]). The daily climate data were extracted from a spatially interpolated nationwide
gridded data set (250 m × 250 m grid) for each of the eight research plots covering the
period 1968 to 2018 [54]. The underlying topoclimatological model considers elevation
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and terrain exposure index and has been frequently used in modelling forest and tree
growth relations with climate before, thus is supposed to comprehensively represent the
study sites weather and climates [55–57]. The elevational gradient spans from the lowest
to highest elevational level an almost 5 ◦C mean annual air temperature decrease and a
700 mm annual precipitation sum increase (Table 2). The deviations of the mean annual
(Figure 2a) and mean growing period (Figure 2b) temperature and precipitation sum for
each of the last 20 years compared to the long-term 50-year mean are revealing a highly
anomalous warm and dry year 2018, where the growing period was extraordinarily warm
with 2.5 K above the long-term average.

Table 2. Mean annual air temperature (Tair) and cumulative precipitation sum (P) and the anomalies
in the year 2018 compared to the long-term mean for each plot per elevation.

Elevation Plot Tair [◦C]
Tair

Deviance
in 2018 [K]

Annual P
[mm]

P Deviance
in 2018 [mm]

low:
450 m

1 10.0 +1.4 1072.3 −241.3
2 9.1 +1.4 1123.3 −223.7

low-med:
650 m

1 8.5 +1.5 1281.8 −197.5
2 8.9 +1.5 1237.1 −196.9

med-high:
850 m

1 6.6 +1.5 1478.0 −181.6
2 7.4 +1.5 1554.9 −355.3

high:
1100 m

1 5.9 +1.5 1791.7 −493.4
2 5.2 +1.5 1616.7 −167.2
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To characterize the climatic conditions in 2018 in detail, we used climatological and
meteorological variables as well as drought indices (Figure 3). To explore the thermal
anomalies, we calculated the daily difference of the 2018 daily air temperature to the long-
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term mean (Figure 3a). We identified short and long periods of meteorological drought
(Figure 3b). The cumulative climatic water balance (CCWB) was calculated based on
Haude [57] (Figure 3c). Besides this parameter, we used the monthly Standard Precipitation
Index (SPI) to classify and identify droughts [48,58–60] (Figure 3d). To assess and compare
the thermal accumulation of the tree species until the onset of wood formation in spring,
we calculated the sum of growing degree days (GDD) using daily minimum and maximum
temperatures and set Tbase at 5 ◦C [61].

GDDdaily =

[
(Tmin − Tmax)

2

]
− Tbase. (1)
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If GDDdaily was below zero, it was set to zero. For each tree and year, the daily GDDs
were summed up from the first day of the year to the day of the first observed xylem cell
enlargement.

2.2. Field, Laboratory and Statistical Analysis Methods

Xylogenesis was observed from March to December 2018. Microcores were sampled
at breast height (1.3 m) in a weekly to 10-day interval using the Trephor tool [62]. On
site, the microcores were placed in Eppendorf microtubes in 50% ethanol solution. In
the laboratory, the microcores were stored at 5 ◦C to avoid tissue deterioration. In the
preparation procedure, the microcores were dehydrated in stepwise increasing ethanol
solutions and embedded in Technovit 7100 (Heraeus Kulzer GmbH, Hanau, Germany).
Thin sections were taken with a sledge microtome, stained with cresyl violet acetate and
mounted with Euparal [63]. With support of a Nikon Eclipse Ni-E transmission light
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microscope (Nikon Corporation, Düsseldorf, Germany), each sample was studied in visible
and polarized light to detect and count cells in the different phases of cell differentiation of
the developing xylem.

The process of wood formation can be divided into four sequential cell differentiation
phases [64–66]: (1) cambial cell division, (2) xylem cell enlargement, (3) secondary cell wall
thickening and lignification and (4) cell maturation. Cambial cells are identified as narrow
cells, which have a small radial diameter and thin primary cell walls. After the xylem cells
are being produced through division by the cambium initials, the newly formed cells are
enlarging, and are characterized by a radial diameter, which is at final stage at minimum
twice that of the cambial cell radial diameter, but they still have only a primary cell wall.
After the enlarging process, xylem cells enter the phase of secondary wall thickening and
lignification. Cells in this phase can be detected by using polarized light, since only the
semi-crystalline structures of cellulose in the secondary cell walls shine under polarized
light. The last phase is the cell apoptosis, where the protoplasm in the cell is decomposed
until the cell is dead. The mature, dead cells are characterized by unicolored blue cell walls
and missing cell content.

The critical dates of xylogenesis phenophases are the onset (bE) and cessation of cell
enlargement (cE), the onset (bW) and cessation (cW) of cell wall thickening as well as the
onset of maturation (bM). The onset of cell enlargement (bE) describes the observation of
the very first produced xylem cell in the growing season. bE occurs minimally later than
the start of the cambial cell production. The onset of cambial activity is unclear to identify
by using light-microscopic methods exclusively [67]. To guarantee the comparability to
other studies, we substitute the dates of cell enlarging as dates of cell production, even if a
possible time lag between the actual onset of cambial cell divisions and cell enlargement
causes a slight bias [18,21,68]. The onsets of the phases were set as soon as 50% of the
monitored cells were found present in those phases. The cessations of the phases were set
as soon as 50% of the cells were found absent in those phases. Besides the critical dates, we
computed the corresponding total durations of cell differentiation processes. The period
(∆E) of cell enlargement was calculated as the number of days between onset and cessation
of cell enlargement, the period (∆W) of cell wall thickening was calculated between onset
and cessation of wall thickening and the growth duration (∆X) was calculated between the
onset of cell enlargement and the cessation of wall thickening. To assess the timing and rate
of the maximum daily growth, we fitted generalized additive models with monotonically
increasing shape constraints to the total number of cells in conifers or the cumulative radial
growth in beech as a function of the day of year [69,70]. The timing and rate were then
derived by calculating the first-order differences of the predictions of the shape constraint
additive models. Modeling of the generalized additive models as well as all following
calculations and data analyses were performed in the R programming environment [71].

To evaluate the elevational and species-specific growth responses to the climate
anomaly in 2018, we sampled increment cores from our study trees at breast height and de-
rived resistance indices according to Lloret et al. [72] by calculating the relative deviations
of tree-ring width in 2018 from the 5-year pre-drought average.

To test for significant effects of elevation and species on the phenological and growth
variables and to examine relationships between the tree-ring width, the duration of wood
formation and the daily radial growth rates, we used linear mixed-effects models (LMMs)
with random intercepts and a hierarchical random effects part in order to account for the
clustered data structure [73]. The model procedures are contained in the package lme4 [74]
in R [71]. First, we examined possible species-specific differences with an LMM based on
the following model:

Yijkl = β0 + β1 Si + bjk + eijkl (2)

where Y is the response variable, β0 the intercept and β1S denotes the fixed effect of the
species i. The term b denotes the random effect accounting for repeated measurements of
the plots j within the transect k, whereas e refers to the residual error term including the
individual tree l.
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To test for differences of the investigated species along the elevational gradient and to
detect possible interaction effects, the following model was formulated:

Yijklm = β0 + β1 Si + β2 Em + β3 Si × Em + bjk + eijklm (3)

where the fixed effects remain as described above, but now including the additional fixed
effect of the elevation β2E with the categorically defined elevational levels m and S x E
denoting the interaction term between tree species and elevation. We used the LMMs to
calculate multiple comparisons and extracted estimated marginal means using the emmeans
package with Tukey’s procedure to account for the familywise error rate [75].

For the analysis of tree-ring width as a function of growth rates and the growth
duration, we also used LMMs based on tree species subsets with the following structure:

TRWijkl = β0 + β1 Xijkl + bjk + eijkl (4)

where TRW is the response variable, β1X either denotes the period of cell enlargement ∆E
and the maximum daily growth rate or the product of the maximum rate and ∆E as fixed
effect, whereas the random effect and subscripts are as described above. To analyse the
relationship of the tree-ring width and phenology during drought, we used the physical
model of annual radial growth with the subsequent sensitivity analysis as described in [38].

In addition, analyses of variance were conducted for all LMMs with support of the
lmerTest package to test the significance of main and interaction effects [76]. The correlation
analysis between critical dates of phenophases was computed by using the ggpairs function
in the GGally package [77]. All model assumptions of normality and homoscedasticity of
the residual error terms were validated and confirmed (see supplementary material).

3. Results
3.1. Xylem Phenology
3.1.1. The Species Effect

The ANOVA test of the species effect on the xylem phenological variables revealed
significant differences for all variables but not for the onset of enlargement (bE) and the
corresponding growing degree days (GDD) (Table 3).

Table 3. p-values of ANOVAs based on linear mixed-effects models (LMMs) with xylem phenology
and growing degree day (GDD) as response variables, tree species and elevation as fixed main and
interaction effects and plot as random effect.

Response Fixed Effects p Response Fixed Effects p

bE
R2: 0.65

Elevation 0.009
cE

R2: 0.58

Elevation 0.080
Species 0.089 Species <0.001

Species × Elevation 0.051 Species × Elevation 0.433

GDD
R2: 0.54

Elevation 0.104
cW

R2: 0.65

Elevation 0.399
Species 0.244 Species <0.001

Species × Elevation 0.065 Species × Elevation 0.031

bW
R2: 0.56

Elevation 0.020
∆E

R2: 0.58

Elevation 0.125
Species 0.007 Species <0.001

Species × Elevation 0.015 Species × Elevation 0.249

bM
R2: 0.66

Elevation 0.011
∆W

R2: 0.63

Elevation 0.119
Species <0.001 Species <0.001

Species × Elevation 0.008 Species × Elevation 0.023

tmax
R2: 0.44

Elevation 0.101
∆X

R2: 0.66

Elevation 0.105
Species 0.002 Species <0.001

Species × Elevation 0.131 Species × Elevation 0.053
p-values in bold <0.05, in italics <0.1, R2: Coefficient of determination of LMMs.
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All species started their radial growth on average around 21st April (DOY 111,
Figure 4a). Besides bE, the GDD also differed on average only slightly between the species;
pine started at 108 GDD, followed by fir and beech with 117 GDD and 125 GDD, respec-
tively (Figure 4b). The onset of wall thickening (bW) occurred earliest in beech (DOY
123, 10 days later than bE), then in pine (DOY 125, 5th May) and on average 5 days later
in fir (Figure 4c). The appearance of the first mature cell differed significantly between
the conifers and the deciduous species. Beech completed the first cell in the middle of
June (DOY 163), whereas pine and fir started the maturation more than two weeks ear-
lier (Figure 4d). The day of the maximum growth rate (tmax) in beech happened around
summer solstice (21st June), in conifers tmax was reached three weeks earlier (DOY 153,
Figure 4e). Even if beech started maturation and culminated its growth latest, it ceased
cell enlargement (cE) earliest (23rd August), followed by fir (1st September) and pine
(on average 1 month later, Figure 4f). The end of wall thickening (cW), thus the end of
carbon allocation in the cell wall, followed cE with a delay of six weeks in the same pattern
(Figure 4g). Following the onsets and endings, beech had the shortest duration of the
enlargement period (∆E), cell wall thickening (∆W) and total duration of xylogenesis (∆X),
followed by fir and pine (Figure 4h–j).
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3.1.2. The Elevational Gradient

The onsets of xylem phenology (bE, bW, bM) were significantly different along the
elevational gradient and also the interaction terms between elevation and species were
mostly significant (Table 3). In contrast to the species effect, significant effects of elevation
on the onsets of cell differentiation phases in spring and early summer were detected,
mainly caused by the latest beginnings in the higher elevations (Figure 5a). The significant
interaction term can be explained by the parabolic trend in beech and fir, where earliest
onsets around the 16th April were indicated not on the lowest but on the second elevation,
and the contrasting linear trend in pine with increasing the elevation. The significant
positive Pearson correlation coefficients of 0.5–0.75 between the onsets of enlargement, wall
thickening and maturation is expressed in the delayed repetition of the pattern of bE in bW
and finally in bM (Figure 5b,c). bW in fir was delayed on all elevations about 2–2.5 weeks
after bE, only on the third elevation bW was latest and occurred 4 weeks after bE. Beech bW
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happened on all elevations about 10 days after bE (DOY 120), on the high elevation on DOY
137. Pine bW was observed on all elevations two weeks after the bE. The elevational pattern
in fir was also carried over to the next phenological phase; the beginning of maturation bM
(Figure 5c) was, however, slightly less pronounced. For pine the linear trend continued
with increasing elevation with bM from mid-May to early June and required continuously
more days from bW to bM (17, 20, 28 days). Beech started maturation about 5 weeks after
bW, leading to a bM date around 8th of June on all except the upper elevation (26th June).
The largest number of growing degree days, about 200 GDD, were indicated for beech and
fir on the lowest elevation (Figure 5d); however, differences between elevations were not
significant. The day of the maximum growth rate (tmax) occurred latest in beech on all
elevations around the day of summer solstice (Figure 5e). Tmax in fir was showing a reverse
pattern with earliest peak on the lowest elevation, pines were peaking growth earliest on
the lowest elevations as well. Significant Pearson correlation coefficients of all onsets were
observed with the day of the maximum growth rate (bE~tmax r = 0.46 p = < 0.001, bW~tmax
r = 0.34 p = 0.004, bM~tmax r = 0.6 p = < 0.001).

The end of the cell enlargement (cE) happened earliest in beech (5th August) and fir
(11th August) on the lowest elevation with a parabolic trend along the elevational gradient.
Pine ceased cell enlargement more than one month later and earliest on the two lower
elevations around the 16th of September (Figure 5f, differences between elevations not
significant). Concerning the correlation analysis, the beginning of enlargement and the
ending of enlargement were not significantly correlated. In beech the cessation of wall
thickening (cW) followed the pattern of cE by occurring earliest on the lowest elevation
in early September and latest on the third elevation (1 month later), whereas the second
and highest elevations were in between (Figure 5g). In fir, however, wall thickening ceased
earliest on the highest elevation (7th October) and latest on the second elevation (25th
October). Pine ceased wall thickening latest on all elevations between early and middle of
November. In regards of the correlation analysis, the earlier the beginning of enlargement
(r = −0.4 p = 0.001) or the beginning of maturation (r = −0.49 p = < 0.001), the later was
the ending of wall thickening. Additionally, the ending of cell enlargement was positively
correlated with the ending of wall thickening (r = 0.65 p = < 0.001).

The period of enlargement (∆E) displayed in beech and fir a slightly parabolic
trend with elevation by having shortest durations at the lowest (3.5 months) and highest
(4 months) elevations, respectively (Figure 5h, differences between elevations not signifi-
cant). In pine trees the enlargement endured longest (more than 5 months) on all elevations
and compared with the other species without a clear elevational trend. The trend in the
period of wall thickening (∆W) differed between the species (Figure 5i). In beech, the
parabolic trend with longest durations in the mid elevations (5.5 months) was still present.
The shortest wall thickening periods in fir (5 months ∆W) and in pine (6 months ∆W) were
on the upper elevations. Lastly, the overall xylem growth duration (∆X) was shortest on
the lowest elevation in beech (5 months ∆X) and followed by the parabolic trend already
visible in cE, ∆E, cW and ∆W. The xylem growth duration in fir was longest on the second
elevation and shortest on the highest elevation. Pine growth duration was slightly longer
on the two lower elevations (Figure 5j, differences between elevations not significant).
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3.2. Xylem Growth

The correlation analysis revealed a significant positive correlation between tree-ring
width and mean daily growth rate and maximum daily growth rate (r > 0.8, p ≤ 0.001).
The three variables showed no significant response to elevation, but strong main effects of
tree species and interaction effects were detected (Table 4). In Figure 6, the results of the
multiple comparison demonstrate that beech had the highest mean and maximum growth
rates and the largest tree-ring width produced in 2018, followed by fir and pine. Beech
showed also the highest resistance against the drought, followed by pine. Radial growth of
silver fir significantly declined in 2018 compared to the other species (Figure 6d).
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Table 4. p-values of ANOVAs based on LMMs with mean daily growth rate, maximum daily growth
rate and tree-ring width as response variables, tree species and elevation as fixed main and interaction
effects and plot nested in transect as random effect.

Response Fixed Effects p

mean rate
R2: 0.52

Elevation 0.704
Species <0.001

Species × Elevation 0.008

max rate
R2: 0.52

Elevation 0.909
Species <0.001

Species × Elevation 0.035

TRW
R2: 0.34

Elevation 0.634
Species 0.009

Species × Elevation 0.037

Resistance
R2: 0.40

Elevation 0.159
Species <0.001

Species × Elevation 0.067
p-values in bold <0.05, in italics <0.1, R2: Coefficient of determination of LMMs.
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Besides the significant differences in growth rates between the species, the effect of
elevation itself was not significant. However, the significance of most of the interaction
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terms was caused by the contrasting effects of elevation within each species, which can be
seen in Figure 7, where the variables are split up into each elevational level. Interestingly,
the changes along the elevational gradient are similar within each species between all three
growth variables (Figure 7a–c). In beech, a parabolic trend is visible, where the highest
rates (mean daily 17–19 µm/day and max. daily 62–63 µm/day) and the largest tree-ring
width (3018 µm and 3129 µm) were reached in the middle elevations. In fir, a more irregular
pattern along the elevational gradient led to highest rates (mean daily 15 µm/day and
max. 51 µm/day) and tree-ring widths (2602 µm) in the highest elevation In pine, the rates
(mean daily 7–9 µm/day and max. 26–35 µm/day) and tree-ring width (1557–1914 µm)
were rather similar between the elevations. The comparison between the tree-ring width
of 2018 and the reference period of 2013–2017 revealed a species-specific response to
drought along the elevational gradient (Figure 7d). Beech tree-ring width in 2018 decreased
significantly only on the lowest elevation by 35%. In contrast, fir resistance was negative
on all elevations (−10% to −39%) and growth changes of pine in 2018 compared to the
previous years remained small and more static between the elevations (−8% to 8%).
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3.3. Interaction between Tree-Ring Growth and Phenology

Setting the annual radial increment (TRW) in relation to radial growth duration (∆E),
the maximum growth rate and in relation to the product of rate and duration, a highly
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significant, positive linkage is visible (Figure 8). The longer the growth duration, the wider
the tree-ring (p < 0.001, Figure 8a). Similar patterns were detected for the maximum growth
rate (p < 0.001, Figure 8b). Furthermore, the radial growth duration significantly increases
with the maximum rate (p < 0.001, Figure 8c). The tree-ring width is closely linked to
the product of rate and duration (p < 0.001, Figure 8d). The sensitivity analysis revealed
for constant ∆E and varying maximum rate from the mean minus to the mean plus one
standard deviation a tree-ring width between 1407 and 3758 µm in European beech, 1117
and 3118 µm in silver fir and 631 and 2932 µm in Scots pine. This results in a range in
tree-ring width of 2000–2300 µm with varying rates. Simulating a constant maximum rate
and a varying ∆E resulted in the tree-ring width of 2247 to 2919 µm in European beech,
1758 to 2478 µm in silver fir and 1526 to 2037 µm in Scots pine. This results in a range in
tree-ring width of 500–700 µm with varying ∆E. If we translate the ranges of the sensitivity
analysis in percent, the simulated tree-ring width was 3-times more sensitive in beech and
fir and even 4-times more sensitive in pine to changes of the maximum daily growth rate
compared to ∆E.
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4. Discussion
4.1. Onset of Cell Differentiation Phases and Thermal Accumulation in the Hot Spring 2018

We analyzed xylem phenology and xylem growth related variables of European beech,
silver fir and Scots pine along an elevational gradient in the exceptionally dry year 2018.
In our study the elevational effect on growth onset was highly significant and can be ex-
plained by a universal control of temperature on the reactivation of the cambium after dor-
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mancy [15,18,78–81]. Numerous studies demonstrated that spring temperature is playing
the major role in the initiation of xylem phenology in temperate forests [16,18,43,68,82–85].
Additionally, heating experiments revealed the positive response of the cambium to arti-
ficially increased temperatures in spring [81,86–88]. At lower elevations with a warmer
climate, sufficiently high temperatures are reached earlier than at higher elevations [16,80].
This can be seen in Scots pine, where the onset of cell enlargement is earliest at the low
elevation, then stepwise delayed along the elevational gradient. Studies comparing tree
growth at different elevations showed also that local adaptation of trees to regional climate
has an impact on the reactivation of the cambium and the onset of xylogenesis. Trees
growing at higher elevations or colder climates needed lower temperature thresholds to
start leaf expansion and xylogenesis than trees growing in a warmer climate or at lower
elevations [10,89,90]. In our study, European beech and silver fir showed their earliest
onsets of enlargement on the second-lowest elevation. This could be explained by higher
temperatures and reduced amount of chilling days at the lowest elevation site during the
endodormancy phase, resulting in a higher amount of necessary thermal accumulation
during the ecodormancy phase and thus possibly delaying the onset of wood formation
as underpinned by recent findings [68,91]. Besides such possible ambivalent effects of
global warming on xylem phenology, other studies concluded that the interacting impact
of mean annual temperature and photoperiod on growth resumption in temperate cli-
mates explained most of the variance followed by less pronounced effects of forcing and
chilling temperatures [92,93]. If we combine the results concerning the date of onset, the
corresponding GDD, the general climate on-site and the climatic conditions shortly before
growth onset, we conclude: the threshold of growing degree days for fir and beech was
largest at the lowest elevation, but wood production did not start earliest here, resulting
in trees obviously not benefitting from the surplus of degree days. The trees growing on
the second elevation, however, required less GDD. On the second elevation, the climate
is slightly colder and normally we would expect trees to initiate secondary growth later
compared with the lowest elevation. Due to a higher amount of chilling days during the
endodormancy phase and the warm spring in 2018, less thermal accumulation was needed
compared to the lowest elevation. Here, trees might have benefitted from the surplus of
spring temperatures and started slightly earlier than on the warmest sites. The higher the
elevation, the stronger seemed to be the impact of the general thermal conditions, as trees
initiated xylogenesis latest at the highest elevation, even if a similar amount of GDDs was
needed as on the second elevation. Our results support previous findings that inter-annual
winter and spring temperature fluctuations rather than the tree intrinsic local adaptations
are likely the main factors explaining the high plasticity of xylogenesis phenology of our
tree species under investigation [68]. Together with the only minimally differing GDD in
Scots pine, these findings lead to the conclusion that GDD or forcing temperatures cannot
sufficiently explain the growth onset, which was also promoted by other studies [18,94].

Between the species, we did not observe a significant difference in the onset of en-
largement, underpinning comparable results of silver fir and Scots pine [38], but contrary
to findings were European beech started xylogenesis much later on every elevation than
Scots pine [17].

The elevational effect on the onset of all cell differentiation phases (bE, bW, bM) was
also found in other studies [16,18,95]. Besides the strong positive correlations of bE, bW, bM,
we often found equal time steps along the elevational gradient between the onset of one cell
differentiation phase to the next one. This can be explained by the biological process of cell
differentiation, where cells need to remain for a certain time in the phase of cell enlargement
until they start with secondary cell wall deposition and lignification [65,96]. Consequently,
the start of xylogenesis acted as a strong driver of all following processes in wood formation,
which confirms previous findings that the onsets of all cell differentiation phases are closely
connected [90,97,98]. European beech trees needed less time to finish the enlargement
process of the first xylem cells compared to conifers. This can be explained by the different
xylem structures between deciduous and coniferous tree species: fiber cells in European
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beech are, compared to coniferous earlywood tracheids, rather small and reach their final
size rather quickly, whereas extrinsic factors mainly affect the size and distribution of the
vessels [99–101]. Interestingly, maturation in European beech started much later than in
conifers, resulting in fiber cells remaining comparably long in the phase of wall thickening
and carbon allocation despite their small size. The fiber tissue of European beech has rather
static intra-annual characteristics and provides mainly mechanical support [102]. Therefore,
the relationship between cell wall thickness and cell lumen of fiber cells is more comparable
to transition wood or latewood cells of conifers, which need a considerably longer duration
of secondary wall formation than earlywood cells [26,103]. Studying the kinetics of cell
differentiation of broadleaved tree species could provide additional insights, but this has
not been conducted so far on the level of individual vessels or fibers due to the complex
wood structure incompatible with the available modeling approaches [104]. Furthermore,
secondary wall thickening and lignification of vessels in oriental beech (Fagus orientalis
Lipsky) was prioritized during xylogenesis, explaining possible time lags in completing
cell formation of the surrounding fiber tissue as well [105]. Silver fir needed more time to
enlarge their first cells on upper elevations compared to lower elevations. This could be
due to the effect of the generally colder climate on the upper elevations, slowing down rates
of wood formation processes and triggering compensatory mechanisms by an increased
duration of cell differentiation processes in order to maintain hydraulic efficiency and
structural reinforcement of individual cells [106]. The lower elevation fir trees could also
have expressed a first drought stress signal, since the average delta of the cumulative
climatic water balance fell below zero after this date and the trees might have responded
with a premature onset of secondary cell wall formation as a mechanism to reduce risks
of cavitation and embolism in times of a reduced cell turgor due to the lack of soil water
availability.

4.2. Cessation and Duration of Cell Differentiation after the Summer Drought 2018

Trees also need sufficient time to ensure completion of the cell differentiation process
for transition wood and latewood cells before onset of winter [10,15,21,107]. Therefore,
in a year without a severe drought period, growth cessation is generally assumed to be
mainly triggered by photoperiod and should have occurred rather synchronous along our
elevational gradient [16,65,91]. However, in 2018, we observed a distinct parabolic trend
in beech and fir, in contrast to a linear trend in pine along the elevational gradient. The
premature cessation could be explained by hot and dry conditions affecting turgor-driven
cell enlargement and cell division processes [41,83,108,109]. Isohydric tree species such as
beech, fir and pine close their stomata during periods of severe drought to reduce water loss
and to prevent hydraulic failure. As a consequence, reduced photosynthetic activity and
concomitant carbon starvation further depletes internal carbon reserves and also negatively
affects or even inhibits the production of new cells [1,110–112]. We identified one severe hot
drought period without any precipitation starting at 13 June 2018 with a duration of about
three weeks and several smaller drought periods between one and two weeks during the
vegetation period 2018. This leads to the assumption that silver fir and beech trees on low
elevations prematurely ceased their radial increment due to increasing water limitations
and carbon starvation; even local temperature was high enough to secure ongoing cell
production and cell differentiation completion before onset of winter [18,48,113,114]. In
contrast, trees on the less drought-prone high elevations, likely ceased cell enlargement later
due to photoperiod limitations, to ensure full differentiation of the lastly formed cells before
the first early frost arrives [16,50,80]. That summer drought can cause parabolic patterns of
cell enlargement cessation and duration along elevational gradients was also speculated
for xylem phenology of European larch in the French Southern Alps [18]. The unusual
early cessation of cell production and enlargement at lower elevations of fir and beech
is also supported by the considerable reductions of tree-ring width 2018 in comparison
to the previous years as tree-ring width/cell numbers are usually closely connected to
enlargement duration [23,99,115].
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In contrast to previous findings [21], where European beech xylem lignification ceased
simultaneously regardless the elevation under average growing conditions, we found the
cessation and duration of wall thickening and xylogenesis to vary along the elevational
gradient in a similar parabolic pattern as seen for the cessation of cell enlargement, where
also the low and high elevation trees were ceasing first. This sequential behavior in cell
differentiation phases is controlled by intrinsic factors, which was also observed in other
studies [100,105]. Besides the intrinsic control, the carbon demanding process of secondary
wall formation in European beech might also have been negatively affected by carbon
starvation and the low water availability by the xeric and extreme stressful conditions in a
year like 2018 [14,46,100].

In fir, however, wall thickening ended latest in lower elevations and ceasing earlier at
higher elevations. The signal in firs of earlier wall thickening cessation at higher elevations
might imply a stronger photoperiodical and endogenous control to assure the completion
of cell differentiation before winter. In contrast to the onset of wood formation in spring,
for which several modeling frameworks were recently published [68,92], the cessation
of xylem cell differentiation remains partly erratic, much more complex to understand
and demands profound research of the presumably many endogenous and exogenous
factors involved [18]. Sample trees growing on the highest elevation sites have slightly
higher tree age and reduced tree size, both factors that might have contributed to a more
premature cessation of cell differentiation processes [23,24]. While working with natural
quasi-experiments such as elevational gradients, it is hardly possible to select study trees,
which are identical in size, age and growth history. However, our study shows similar
variations in tree characteristics between elevations as a comparable study conducted in
the French Southern Alps, who could verify based on subsampling that patterns of xylem
phenology of trees were controlled exclusively by elevation and not by tree size or age [18].
To explore ongoing responses of forest ecosystems to climate change, gradient studies
remain inalienable tools in climate impact research despite some unavoidable limitations.

Pine might have better compensated the 2018 drought by its generally lower rates of
cell differentiation and as indicated by basically no growth reductions in the resistance
analysis [104]. In addition, pine could have profited from mild autumn temperatures
by ending wood formation significantly later compared to the other species without a
clear elevational trend. Scots pine as a pioneer species, following an extensive and riskier
life strategy, ceased its cell differentiation processes latest and might be able to benefit
from warm autumn temperatures [38,44,116]. In a pan-European study it was found that
radial growth of beech was primarily limited in by water availability during summer [44].
Furthermore, in our study, the deciduous European beech followed a secure life strategy
and did not profit from the mild autumn temperatures as evergreen conifers possibly do
and ended radial increment first. Silver fir, as a climax tree species with an intensive life
strategy, ceased radial increment after beech.

4.3. Tree-Ring Width in Relation to Xylem Phenology

It is widely known that xylem growth rates determine tree-ring width [23,38,80]. Un-
der drought, the relative importance of growth rate on tree-ring width is gaining influence
compared to the influence of growth duration having highest relative importance under
favorable environmental conditions [115,117–119]. The strong positive and significant
correlation between the mean and maximum growth rate and the tree-ring width was
detected across all investigated species. Furthermore, the sensitivity analysis supported
this finding with a 3–4 times stronger dependence of tree-ring width on the growth rate
than the growth duration. Cuny et al. found similar results for conifers in France [38].

Different relationships of elevation with growth rates were detected for each species.
Scots pine sustained similar growth rates along the elevation. In European beech and
silver fir, the lowest growth rates and narrowest rings were found on the lowest elevations,
which were most prone to drought. Our findings confirm previous studies on low elevation
sites or on sites susceptible to drought [17,48,120,121]. The parabolic trend with increasing
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elevation in beech and the slightly similar trend in fir indicate that growth rates of trees in
medium elevations of the Black Forest might be less affected by drought periods [80,105].
At least for European beech, this assumption was clearly underpinned by the resistance
analysis and highly significant reductions of tree-ring width at the lowest elevation only.
Although in 2018 beech showed above-average tree-ring widths at medium and higher
elevations, silver fir was not able to profit in high elevations from warmer temperatures
through higher tree-ring width increments.

The correlation of tree-ring width and the period of cell enlargement was not sig-
nificant across species but rather a species-unspecific phenomenon. The period of radial
growth was shortest in European beech, followed by silver fir, and longest in Scots pine.
Vice versa, the mean and maximum daily radial growth rates and the tree-ring widths were
highest in European beech, followed by silver fir, and shortest in Scots pine. European
beech and silver fir are both shade-tolerant climax tree species in our study region. Reasons
for shade-tolerant species having higher growth rates than pioneer species like Scots pine
could lie in their different photosynthetic capacities, resulting in Scots pine producing
less assimilates and generally having less dividing cambial cells and longer cell cycles in
comparison [38]. European beech had higher growth rates and wider tree-rings than fir
probably due to the general need to compensate the relatively shorter growth duration.
Other studies also postulated conifers are more prone to form drought-induced narrower
tree-rings [122,123]. If we assume a lag effect one year after the drought, this would affect
European beech more than silver fir as also found in [124,125]. The strong negative effect
of the 2018 drought on wood formation of silver fir on all elevations also challenges conclu-
sions of previous findings, recommending silver fir as a viable forest management option
due to its presumed lower sensitivity and higher resistance to drought [30,126].

Under optimal growing conditions in temperature-limited environments, the daily
radial increment in conifers is peaking around summer solstice when maximum day length
is occurring [22,87]. European beech was documented to maximize daily growth rates up to
two weeks earlier [14,127]. In our study, European beech growth culminated around sum-
mer solstice and was significantly delayed by three weeks in comparison to the conifer’s
growth peak. Silver fir and Scots pine peaked xylem growth during the same time, thus
simultaneously and intensively competing for resources, whereas the struggle to survive
for co-existing conifers is even higher during extreme environmental conditions [38,128].
Furthermore, within each tree, the competition for assimilates between aboveground and
belowground organs can lead to premature peaks of the growth rate to guarantee water
and nutrient supply for functions relevant for tree survival [129]. Furthermore, due to
the increasing heat and water stress in June, the reduced photosynthetic capacity and
concomitant shortage of non-structural carbohydrates for biosynthesis of lignocellulose
components combined with low turgor pressure could have reduced conifer growth rates
already before the summer solstice.

To better understand the full response spectrum of wood formation to variability in
weather conditions and water supply, a detailed analysis of the kinetics of wood formation
is crucial. Modeling rates and durations of cell enlargement and cell wall thickening can
provide additional information on the developmental and environmental control of wood
formation processes and possible adaptions on the cell-anatomical level to survive within
hot drought periods in a changing climate [107,122].

5. Conclusions

Dry and warm spring conditions, and in particular the three week lasting drought
period around summer solstice, had severe and negative impacts on the climatic water
balance during the growing season in 2018. A possible drought-induced premature ces-
sation of cell enlargement and growth reduction of European beech appeared to be most
severe on the lowest elevation. Furthermore, silver fir showed the earliest cessation at the
lowest elevation, but significantly higher growth reductions compared to beech and pine
that seemed more independent from elevation.
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Interestingly, trees relied also in a drought year mainly on the functional trait “radial
increment rate” and less on its duration, regardless of the species and the elevational level.
Thus, a prolongation in the vegetation period due to increased temperatures would not
automatically induce a substantial increase in wood production or carbon sequestration.

If extreme climatic events, such as the 2018 summer drought, an increase in frequency
as projected in future climate scenarios could lead to a widespread reduction of the pro-
ductivity of several European main tree species, and possibly also European beech, in
particular at lower elevations [5,109,130–132]. With our study, we were able to compare
responses in the xylem phenology of major European tree species in the extraordinarily hot
and dry year 2018 in gradually differing climatic conditions. To consolidate our knowledge
of the impact of the drought anomaly on the timings and durations of xylem phenophases
and xylem production, longer time series of xylogenesis monitoring need to be established.
This would provide more in-depth insights and understanding of the causal relationships
between wood formation and environmental changes. This will also provide support
for future forest planning to guarantee that forests remain the major terrestrial sink of
anthropogenic CO2 emissions and continue to provide a multitude of ecosystem services.
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