
Article

The European Heat Wave 2018: The Dendroecological Response
of Oak and Spruce in Western Germany

Burkhard Neuwirth 1 , Inken Rabbel 2, Jörg Bendix 3 , Heye R. Bogena 4 and Boris Thies 3,*

����������
�������

Citation: Neuwirth, B.; Rabbel, I.;

Bendix, J.; Bogena, H.R.; Thies, B. The

European Heat Wave 2018: The

Dendroecological Response of Oak

and Spruce in Western Germany.

Forests 2021, 12, 283. https://

doi.org/10.3390/f12030283

Received: 8 December 2020

Accepted: 26 February 2021

Published: 2 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 DeLaWi Tree–Ring Analyses, Preschlinallee 2, 51570 Windeck, Germany; delawi@t-online.de
2 Department of Geography, University of Bonn, Meckenheimer Allee 166, 53115 Bonn, Germany;

irabbel@uni-bonn.de
3 Laboratory for Climatology and Remote Sensing & Faculty of Geography, University of Marburg,

Deutschhausstraße 12, 35037 Marburg, Germany; bendix@staff.uni-marburg.de
4 Forschungszentrum Jülich GmbH, Agrosphere Institute (IBG-3), 52425 Jülich, Germany;

h.bogena@fz-juelich.de
* Correspondence: thies@staff.uni-marburg.de; Tel.: +49-6421-28-25910

Abstract: The European heat wave of 2018 was characterized by extraordinarily dry and hot spring
and summer conditions in many central and northern European countries. The average temperatures
from June to August 2018 were the second highest since 1881. Accordingly, many plants, especially
trees, were pushed to their physiological limits. However, while the drought and heat response of
field crops and younger trees have been well investigated in laboratory experiments, little is known
regarding the drought and heat response of mature forest trees. In this study, we compared the
response of a coniferous and a deciduous tree species, located in western and central–western Ger-
many, to the extreme environmental conditions during the European heat wave of 2018. Combining
classic dendroecological techniques (tree–ring analysis) with measurements of the intra–annual stem
expansion (dendrometers) and tree water uptake (sap flow sensors), we found contrasting responses
of spruce and oak trees. While spruce trees developed a narrow tree ring in 2018 combined with
decreasing correlations of daily sap flow and dendrometer parameters to the climatic parameters, oak
trees developed a ring with above–average tree–ring width combined with increasing correlations
between the daily climatic parameters and the parameters derived from sap flow and the dendrome-
ter sensors. In conclusion, spruce trees reacted to the 2018 heat wave with the early completion of
their growth activities, whereas oaks appeared to intensify their activities based on the water content
in their tree stems.

Keywords: dendrometer; sap flow; daily correlations; tree–ring width; physiological response

1. Introduction

The summer of 2018 was the second hottest in Germany since 1881 after the hot
summer of 2003. This also holds for the federal states of North Rhine–Westphalia (NRW)
and Hesse. At the same time, 2018 was characterized by the driest summer conditions in
Hesse and the second driest in NRW since 1881 [1]. It was shown by several authors that a
specific configurations of the tropospheric Rossby wave circulation (wavenumber–5 and,
in 2018, –7 circulation patterns) are responsible for heat waves in Europe and Germany.
These configurations were also observed during the previous European and German
heat waves of 2003, 2006, and 2015. The occurrence of the wavenumber–7 pattern has
particularly increased over recent decades, which is most likely related to climate change
effects [2–5].

The consequences of the 2018 heat wave on vegetation were observed by remote
sensing over wider areas. The heat summer of 2018 was characterized by the highest
negative anomalies in the Leaf Area Index (LAI) over NW–Europe since 2000, particularly
in July 2018 [6]. In comparison, Buras et al. [7] found a stronger negative water balance
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anomaly for Germany from April to June (AMJ), which led to a clear reduction in vegetation
activity measured by vegetation indices (Normalized Difference Vegetation Index—NDVI
and Enhanced Vegetation Index—EVI). In addition to these large scale effects, it is of
great applied interest for foresters to investigate how common trees species in German
forests will react to increasing heat and drought summer conditions. A comparative
study for several European tree species revealed that oak was negatively affected by high
precipitation in combination with a high N deposition, while beech showed lower growth
performances under higher temperatures and drought stress [8].

A comprehensive study for Switzerland revealed that the radial growth of spruce was
strongly and enduringly reduced by spring droughts and that this species showed the
poorest resistance to droughts among the investigated species. In comparison, broadleaved
oak (while sensitive to late frosts) and beech (to a lower extent) showed higher resistance
and resilience to spring droughts and are, thus, better adapted to droughts than spruce [9].
By comparing oaks and beeches in European mixed forests, beech was found to be nega-
tively affected by summer droughts, while oak species were negatively affected primarily
by spring droughts, beeches showed a fast reaction with growth decreases and recovery
(under rain), in comparison to delayed growth reactions for droughts but a longer recovery
time for oaks [10].

Our understanding of the effects of extreme climatic events on tree growth are based
on the assumption of a decline in net photosynthesis, which is attributed to numerous
processes, including increased photorespiration, increased mitochondrial respiration, and
the inactivation of Rubisco attributed to a reduced activity of Rubisco activase and so
on [11]. After the drought event in 1976, which was one of the strongest drought events in
the 20th century [12,13], Hinckley et al. [14] already described the consequences of extreme
dry events for eight tree species (including three oak species) in the Ashland Wildlife Area
(Missouri/USA) and documented, in particular, a reduced stem growth and depressed net
photosynthetic rate to near the compensation point.

They regarded stomatal closure as a drought–avoidance mechanism and that this
mechanism represented a trade–off between continued transpiration and photosynthe-
sis [15]. Zweifel et al. [16] underlined in their study of oak, pine, and spruce in the Swiss
Valais for the dry event of 2003, the importance of precipitation for the radial growth
of all three species, whereby the direct effect of rain on radial growth was most likely
caused by a (sudden) release of the pressure conditions in the tree, thus, leading to positive
pressure conditions in the cambium [17,18]. Hsiao & Acevedo [17] found two different
sensitivities to drought in the growth process: one is related to cell division and the other
to cell expansion, the latter being much more sensitive to tree water deficits. Thus, new
cells can be formed but not expanded under drought conditions. Only if the drought lasts
too long, cell division does stop [16].

The effects of extreme climatic events, in particular drought, on tree stem growth and
the associated physiological mechanisms are still not fully understood. On the one hand,
they are not only determined by the conditions of previous months [19,20], additionally
they are also forced by the conditions of previous years [21–23]. Despite these so–called
legacy effects [24], numerous studies have proven the direct effects of the current conditions
on stem growth [25–29]. Regardless of the region and/or tree species, these and other
similarly focused studies come to the almost uniform conclusion that drought effects have
a negative impact on radial growth and lead to a narrow tree ring. Burri et al. [30] stated in
their multi–species study on the reactions of Swiss forest trees to the heat of summer 2015,
that the effects, however, need a priori to not be negative and explain this with the time of
occurrence of the extreme event within the growing season.

The aim of this paper is to compare the response of two tree species in the West
German lower mountain ranges in the summer heat of 2018. Therefore, classical dendro-
climatological findings from long–term climate–growth relationships and pointer year
analyses are combined with temporally high–resolution dendro–physiological analyses
(dendrometer and intercellular sap flow) and compared with local climate parameters. In
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particular, we test the hypothesis that, as a consequence of the drought, (i) physiological
activities were reduced and (ii) a growth reduction occurred ultimately, i.e., a narrow tree
ring was formed.

2. Materials and Methods
2.1. Research Sites

The trees examined in this study were from two different research sites in the lower
mountain ranges of Western Germany. The spruce site EIFEL (EIF) is located in the Wüste-
bach catchment in the southwest of the Eifel National Park, North Rhine–Westphalia (a
detailed site description for EIF is found in Bogena et al. [31]), while the oak site Univer-
sitätswald Marburg (UWM) is located in the Marburg Open Forest (Marburg university
forest) [32] near Caldern in the Lahn–Dill mountain country, Hesse. The EIF site is covered
by a 70–years–old spruce plantation (Picea abies Karst.), which was established after the
Second World War at 620 m a.s.l. The soils are characterized by a silty clay loam texture
with a medium to high coarse material fraction and a litter layer on top [33]. The UWM
site is an over 250–years–old oak (Quercus petraea L.) stand, which is located within a
mixed beech forest in approx. 270 m a.s.l. This forest has developed on the basis of natural
rejuvenation. The dominant soil texture is silt loam [34]. Cambisol is the predominant soil
type on both sites. However, the available water capacity (AWC) at the UWM site (~80 mm)
is lower than at the EIF site (~250 mm) with an average soil water content for the period
2010–2013 being ~40% for EIF [35]. The two sites slightly vary in aspect and slope (Table 1).

Table 1. Overview of the stand and site characteristics.

Site Coordinates
Long./lat. [◦] Species Chrono

[Year]
MSL
[Year]

AGR
[mm]

Elev.
[m a.s.l.]

Asp.
[◦]

Slope
[%]

Temp.
[◦C]

Prec.
[mm]

EIF 6.331/50.505 PCAB 1958 60 3.78 610 90 10.5 12.5 484
UWM 8.684/50.842 QUPE 1959 155 1.41 270 230 32.5 14.0 77.6

AGR = average growth rate in the period 1960–2018, Asp. = aspect, Chrono = first year of the tree–ring width chronology based upon at
least three trees, Elev. = elevation, MSL = mean segment length, PCAB = Picea abies (spruce), Prec. = sum of precipitation from March to
September 2018, QUPE = Quercus petraea (sessile oak), Temp. = mean temperature from March to September 2018.

Both sites are synoptically influenced by atmospheric flows that predominantly origi-
nate from the Atlantic Ocean [36]. While the temperature conditions among EIF and UWM
are similar, the precipitation varies in both the mean annual precipitation sums and the
seasonal precipitation distribution (Figure 1; black lines and grey areas). In the Eifel region,
the mean annual precipitation reaches 1280 mm at the German Weather Service (Deutscher
Wetterdienst—DWD) weather station Kall–Sistig (located in 9.6 km from the EIF site with a
maximum in winter) [37]. Central Hesse, in contrast, is characterized by a mean annual
precipitation sum of only 700 mm (DWD weather station Giessen–Wettenberg) with a
minimum in February. However, the mean summer precipitation is similar among plots
and differs by only 60 mm per month (Figure 1).

In 2018, the temperature showed comparable conditions among the study sites. How-
ever, the temperatures in April and July 2018 (red and green lines in Figure 1) exceeded the
long–term averages (black lines in Figure 1) by approximately 3 ◦C. The good fit between
the 2018 temperatures recorded by the local weather stations (green lines in Figure 1) and
the regional long–term references (red lines in Figure 1) underlines the representativeness
of the reference stations for our research sites. The precipitation situation is a bit more
complex. The 2018 precipitation at the EIF site roughly corresponds to the 2018 values
recorded by the regional weather station Kall–Sistig. Both 2018 records also principally
correspond to the regional long–term values.
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Figure 1. The monthly mean, maximum, and minimum air temperatures (green solid and dashed
lines) and monthly precipitation sums (green bares) for 2018 measured at the Eifel (A, EIF) and
Marburg university forest (B, UWM) research sites. In addition, data from nearby DWD stations
(Kall–Sistig for EIF and Gießen–Wettenberg for UWM) is presented for comparison. For 2018, the
temperature and precipitation data is presented as red lines and blue bars, while the long–term data
(1981–2010) is presented with the mean monthly precipitation (upper black lines), mean monthly
temperatures (lower black lines), and months with humid conditions (black striped areas).

In July and August, the precipitation was significantly lower in 2018 than for the
long–term (50 instead of 80 mm; blue and green bars in Figure 1A). At the UWM site,
in contrast, we observed a very pronounced precipitation deficit in 2018 (Table 2). The
precipitation deficit on site (green bars in Figure 1B) was even well below that recorded
by the Giessen–Wettenberg reference station (blue bars in Figure 1B). The deficit started
already in February (20 instead of 80 mm precipitation) and continued undiminished until
late autumn. During the entire vegetation period, only 10% of the long–term precipitation
sum was reached at the UWM site.

Table 2. Comparison of the mean temperatures and precipitation totals in both research sites for various time periods and
climate stations.

EIF UWM

Time Period Temp. Annual
Mean [◦C]

Prec. Annual
Sum [mm]

Prec. Seasonal *
Sum [mm]

Temp. Annual
Mean [◦C]

Prec. Annual
Sum [mm]

Prec. Seasonal *
Sum [mm]

1981–2010 8.0 859 468 9.6 666 462
2018

DWD–Station 9.5 589 298 10.9 540 319

2018
Local station 8.5 1003 448 9.8 287 102

* The seasonal precipitation sum corresponds to the growing season (here from April to October).

2.2. Dendroecological Observations

To evaluate the long–term climate–growth response of the two research sites, we used
annually resolved tree–ring data. The short–term eco–physiological response during the
heat year 2018 was monitored using sap flow measurements and dendrometers.

The tree–ring data were collected from 15 trees per research site. From each tree, we
extracted two opposite 5 mm cores at breast height. The tree–ring samples were prepared
following standard procedures [38]. Tree–ring widths were measured using a LinTab
measurement table [39] with a measuring accuracy of 0.01 mm. After a quality check [40,41],
the tree–ring series were averaged to tree mean curves (TMC). We detrended the TMC
using a high–pass filter based on 5–year weighted moving averages. Ring widths indices
were then calculated as ratio between the actual tree–ring width and the filtered value.

To identify years of extreme growth (pointer years, PY), we also calculated so–called
Croppervalues Cy [42] from the TMC. To this end, we determined the ratios of the TMC
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and their 13–year moving averages and normalized the resulting data series applying
a z–transformation [43]. The thresholds for the pointer year description were defined
as follows:

|Cyz| = 1.0 for a weak, |Cyz| = 1.28 for a strong, and |Cyz| = 1.645 for an extreme
pointer year. These thresholds correspond to the upper 16%, 10%, and 5% quantiles of the
standard normal distribution [44,45].

At each site, 3 of the selected 15 trees were instrumented with sap flow sensors and
dendrometers. Both measuring devices were installed at breast height on the northern
side of the stem. The data were recorded with a datalogger (type CR1000, Campbell
Scientific Ltd., Logan, UT, USA) in 30–minute time steps. The course of these half–hourly
data over the measurement period from April 10 to September 15 2018, averaged over
the three trees at each site, as well as the range of individual trees around the mean, are
shown in the supplements (Figure S1). Following Deslauriers et al. [46,47] the stem radius
(SR) changes detected by the dendrometers (Type RD, Ecomatik, Dachau, Germany) were
resolved into periods of (1) stem contraction due to water loss (transpiration during the
day); (2) reversible stem expansion (refilling of the stem water storage during the night),
and (3) irreversible stem increment (DM–SRI) and thus growth.

The sap flow activity of the trees was monitored using Granier–type sap flow sensors
(SF–L 20/33, Ecomatik, Dachau, Germany). This measuring system basically consists of
two sensor probes that are inserted radially into the sapwood, one above the other. While
the upper sensor probe is heated, the lower one measures the reference temperature of
the wood. The sap flux density within the xylem is now derived from the temperature
difference between two probes. The respective equation follows empirical relations [48,49]:

SFD = 119·
(

∆Tmax − ∆T
∆T

)1.231
(1)

where SFD is the sap flux density (g·m−2 ·s−1), ∆T is the actual temperature gradient
between the two probes, and ∆Tmax is the maximum temperature gradient measured
between the probes in a given time period. The length of this time period depends on
the prevailing environmental conditions, because ∆Tmax represents a state of zero sap flux.
We identified ∆Tmax using the approach of Oishi et al. [50,51], where the ∆T stability and
biophysical conditions (vapor pressure deficit ≤ 0.05 kPa; global radiation < 5.0 W·m−2)
are used as zero flow indicators [52].

To scale the SFD to the sap flow (SF) per tree, we multiplied the SFD by the sapwood
area. The sapwood area was derived from the sapwood depths we recorded directly after
coring the trees. Finally, the sap flow data was averaged to site–specific mean curves
and aggregated to daily sums (SF–SUM). The courses of the site–specific mean curves are
shown with the corresponding spans of the individual trees in the supplements (Figure S2
for UWM and Figure S3 for EIF).

2.3. Climate Data and Statistical Analyses

To investigate the mean climate–growth response of the trees in the period 1960–2018,
we used the time series of regional German Weather Service (DWD) stations, because the
climate stations installed on site only covered recent years. For the EIF site, we chose the
DWD station Kall–Sistig as a long–term reference. This station is located about 15 km east of
the EIF site at 505 m a.s.l. For the UWM site, we used the DWD station Giessen–Wettenberg,
which is located about 25 km south of the UWM site at 203 m a.s.l. The investigation
period was limited by the comparably young age of the EIF spruce site and was set to AD
1960 to 2018. For this period, we calculated the mean monthly temperatures and monthly
precipitation sums over a 13–month window, from October of the previous year of ring
formation to October of the current year of ring formation.

Additionally, we calculated 11 seasonal values and also the annual temperature means
and precipitation sums. This procedure resulted in each 24 time series of temperature
means and precipitation sums per research site and, thus, in a total of 96 time series for
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both locations. Long–term trends were removed from all 96 time series analogously to the
treatment of the annual tree–ring data, where the actual values were divided by their 5–year
weighted moving averages (see above). To analyze the high–frequency climate–growth
response of the trees, we finally correlated the resulting indexed climate data series with
the indexed tree–ring data using Pearson’s correlations.

To investigate the eco–physiological response of the trees to the heat wave 2018, we
used climate data collected in direct proximity to the investigated trees. At the EIF site, the
temperature (T) and relative humidity (RH) were measured in 2 m above the soil surface
and, thus, within the stand, whereas the precipitation (PCP) and global radiation (RAD)
were recorded by the TERrestrial ENviromental Observatories (TERENO) meteorological
tower [53] at 38 m height and, thus, above the forest canopy. At the UWM site, we used
the records of the Laboratory for Climatology and Remote Sensing (LCRS) climate stations
(50.8405◦ N/8.6832◦ E), which measure the temperature and relative humidity at 2 m above
ground level within the stand, while the precipitation and global radiation were recorded
at about 200 m distance from the trees and, thus, without disturbance by the forest canopy.

For both research sites, the vapor pressure deficit (VPD) was derived from the tem-
perature and relative humidity. For the period from the 1st of April to 15th of September
2018, we calculated the daily averages, daily minima, daily maxima (temperature, relative
humidity, and VPD), and daily totals (precipitation) as required. Then, we assigned the
days of the 2018 growing season to four groups: wet and dry days in spring (until the
30th of May) and wet and dry days in summer (1st of June onwards). We defined wet
days as days with at least 3 mm rainfall. Dry days were defined as when the precipitation
sum of the actual day and the 3 days before was less than 3 mm. For each of the selected
groups, we calculated the Pearson’s correlations between the daily climate parameters and
the daily resolved tree data to investigate the eco–physiological response of the trees to
synoptic events.

3. Results
3.1. Radial Growth

With 3.8 mm/a, the average growth rate (AGR) of the spruce trees at the EIF site for
the period 1960–2018 (grey horizontal line in Figure 2A) was more than 2.5 times higher
than the AGR of the oaks at the UWM site (1.4 mm/a; black horizontal line in Figure 2A).

Spruce trees at the EIF site generally had a higher AGR, especially in the early 1960s
and after the early 1980s (grey lines in Figure 2A). The wide tree rings in the 1960s can be
explained by the age of the spruce trees at the EIF site. During the 1960s, the trees were still
in their juvenile phase, where tree rings are typically wider than those of mature trees [54].
The high growth rates during the 1980s were initiated by a thinning event in 1981, which
reduced the competition among trees and, thus, improved the growth conditions. The oaks
at the UWM site (black lines in Figure 2A), in contrast, were already adult in the 1960s. The
thinning activities at UWM, as for example around 2005, were less intensive and therefore
only slightly affected the growth on site.

The indexed growth chronologies (Figure 2B) generally show similar growth dynamics
among the study sites. Only a few periods, e.g., the years 1983 and 1988 or the first half of
the 1990s, are characterized by contrasting growth trends. Respectively, most of the pointer
years (years with significant positive or negative growth anomalies; Figure 2C) occurred
simultaneously at both sites; however, often with differing intensities. Until 1990, the oaks
at UWM showed stronger growth reactions than the spruces at the EIF site (e.g., 1973, 1976,
and 1981). This also applies to the year 1976, one of the strongest heat and drought years of
the 20th century in the northwestern Central Europe and Britain [55,56], where the spruces
at the EIF site “only” developed a stronger negative pointer year (C1976z,EIF = −1.38), while
the oaks at UWM showed an extreme negative pointer year (C1976z,UWM = −1.84). After
1990, this changed, and the growth reaction at the EIF site became stronger than at UWM
(e.g., 1995, 2000, 2002, 2006, 2009, and 2011). In only two years, both sites and species
showed completely opposite reactions: in 1988, the oaks at UWM revealed an extreme
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negative pointer year, while the pointer year at the EIF site was extremely positive. In 2018
(red bars in Figure 2C), the growth reactions at UWM surprisingly was positive, while the
spruces at the EIF site showed the expected negative growth reaction with a weak negative
pointer value of C2018z,EIF= −1.1.
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mean curves (bold lines) and average growth rates (red/black horizontal lines) (A), mean indexed tree–ring chronologies
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3.2. Interannual Growth/Climate Responses

At the UWM site, the strongest correlation between the tree–ring series and climate
data was observed for the June–precipitation (rJUN = 0.61; Figure 3A). Further significant
positive climate–growth signals were found for precipitation in the extended summer
(MJJA) and during the vegetation period (VEG). Hence, water availability was the main
growth–limiting factor at the UWM site.

The minor importance of temperature for the oak growth in the region is illustrated
by the weak correlations of the mean monthly/seasonal temperatures and the tree–ring
data. Only above–average spring temperatures (rMAM = 0.28) and below–average summer
temperatures (rJJA = −0.22) showed positive effects on the tree-ring width (TRW). The
spruces at the wetter EIF site, in contrast, predominantly benefited from below–average
temperatures during the growing season of the previous year (rJJAv = −0.42; Figure 3B).
Wet spring conditions (rMAM = 0.35) supported spruce growth in the Eifel.
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3.3. Diurnal Sap Flow Activity and Radial Stem Variations in 2018

In spring 2018, both tree species showed typical patterns of physiological activity
expressed by inverse diurnal SF and DM cycles (Figure 4A). Following the diurnal dynamics
of radiation and vapor pressure deficit, the SF activity rapidly increased before noon,
reached the maximum around noon, and decreased toward the late afternoon until reaching
near–zero values at night, when the stem water storage was slowly refilled. Only on days
with noticeable rainfall, like the 24th of May (Day Of Year—DOY 142), where nearly 10 mm
of precipitation was detected at the EIF site, this typical SF pattern is disturbed due to the
high relative humidity of the air (low atmospheric demand) and the moist leaf/needle
surface. Correspondingly, the DM decreased during the day and increased overnight, when
the stem recovered from the water lost during the day. This reversible stem contraction and
expansion, which was related to the tree water balance, cell division, and, thus, absolute
stem growth, resulted in larger DM maxima from day to day.

In summer 2018 (Figure 4B), the diurnal cycles of DM and SF illustrate the disturbed
tree performance after long periods of drought and heat. With 15–18 mL/min, the daily
SF maxima were considerably lower than in spring (~20 mL/min). The daily maxima
decreased with each dry day. As a consequence, the water absorption in summer (DOY
227–231) was about one–quarter lower than that in spring (DOY 139–143). The stem
contraction rates became larger than the expansion rates, which resulted in decreasing DM
maxima from day to day, which indicates that the stems were shrinking. On 17th August,
a small rainfall event (3 mm) at the EIF site reduced the sap flow activity and allowed
for a short recovery of the stem radius. However, this event was too weak to reverse the
negative DM trend.
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3.4. Physiological Reactions of Trees in 2018

Figure 5 illustrates the correlation of the daily climate data and the tree physiological
parameters stem radial increment (DM–SRI) and daily sap flow (SF–SUM) by research
site and synoptic conditions. The subdivision into wet/dry days in spring/summer 2018
revealed group sizes of 8 to 15 days per data category, which indicates that the critical
values of significance differed from correlogram to correlogram. Therefore, the significant
correlations in Figure 5 are marked by different colored bars. On wet days in spring
(Figure 5A), the stem increment (DM–SRI) of both EIF spruce and UWM oaks was mainly
controlled by the vapor pressure deficit (VPD). Spruce growth was also supported by rising
temperatures (TMP) and radiation (RAD). On dry spring days, in contrast, only the spruce
trees showed positive correlations between the stem growth and the climate parameters.
For the oaks at the UWM site, no significant relation between stem growth and climate
was observed.

In summer 2018, the climate to growth feedback was completely different from that
in spring. On wet days, only spruce showed a significant correlation between the stem
growth and climate data—however not with the VPD, TMP, or RAD, as in spring, but with
the water supply (PCP). On dry summer days, in contrast, only the stem growth of the oaks
showed a weak significant correlation with the average daily radiation (RADave). Other
significant correlations were not observed. The sap flow activity of spruce and oak strongly
differed by species and season. In spring, the spruces showed strong to very strong positive
correlations between the daily sap flow (SF–SUM) and all climate parameters except for
precipitation (Figure 5A). Particularly high correlations were observed for the mean vapor
pressure deficit (VPDave) and radiation.
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Figure 5. Pearson’s correlations between the two tree type physiological parameters (stem radial increment DM–SRI), daily
sum of sap flow (SF–SUM), and daily climate data by research site (EIF/UWM), and synoptic conditions (wet days/dry
days) in (A) spring and (B) summer 2018. Wet days are defined as days with more than 3 mm rainfall, dry days as days with
a precipitation sum of less than 3 mm for the actual day and the three days before. Bar colors illustrate levels of significance:
black for a = 99.9%, dark grey for a = 99%, and light grey for a = 95%. The digits in the bottom left corner of each correlogram
indicate the number of days falling in the analyzed data group. Abbreviations for the climate parameters from left to
right: TMPave = mean daily temperature; TMPmin = daily minimum temperature; TMPma x= daily maximum temperature;
PCPsum = daily rainfall sum; VPDave = mean daily vapor pressure deficit; VPDmin = daily minimum of vapor pressure
deficit; VPDmax = daily maximum of vapor pressure deficit; RADave = mean daily solar radiation; and RADmax = daily
maximum of solar radiation. At the UWM site, no precipitation was detected on the dry spring and summer days. Therefore,
correlations of the tree physiological parameters and precipitation sums were not calculated for this category.

On dry days, these correlations were slightly attenuated, and accompanied by a
strongly negative correlation of the SF–SUM and daily precipitation (PCPsum). The oaks,
in contrast, only showed weakly significant correlations of the SF–SUM and daily mean
temperature (TMPave) on wet days. On dry days, the SF–SUM strongly correlated with the
VPD, and a weak correlation with mean daily radiation (RADave) was observed. In summer,
no significant correlations of the sap flow activity and climate parameters were found for
spruce. The UWM oaks, in contrast, showed strong positive correlations of SF–SUM and
the daily minimum temperature TMPmin on wet days, where weakly significant negative
correlations with PCP were found. On dry days, all climate parameters except for PCP
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showed positive correlations with SF–SUM. These correlations were particularly strong for
the TMPmax, mean and maximum VPD, and RADave.

4. Discussion
4.1. Climate/Growth Relationships

On both sites, the trees generally benefited from above–average precipitation and
below–average temperatures during the growing season, with early summer precipitation
being more important for the UWM–oaks and cooler temperatures being more important
for the EIF–spruces (Figure 3). The positive growth responses of the EIF–spruces to
generally cool conditions and a humid spring (Figure 3A) correspond well with other
spruce studies in the German low mountain ranges [35,44,57,58], in the Black Forest [59]
and in the lowlands of France [60] and Switzerland [61]. Only at higher altitudes above
1000 to 2000 m a.s.l., the negative temperature signal of spruce typically turns into a positive
one [62–64].

With increasing continentality, the precipitation signal of spruce trees generally shifts
from spring towards summer [65–67]. Hence, the EIF spruces with their spring precipi-
tation signal clearly represent a maritime type of climate–growth relations. The climate
signals of the UWM–oaks (Figure 3B), in contrast, differ from those typically found in the
Eifel mountains [58,68] and others sites in northern and western Europe [69–72]. They
strongly correspond to climate/growth signals as typically found for oaks in eastern and
southeastern Europe [64,73–75]. With that, we assigned the UWM site with its negative
summer temperature signal to a more continental growth type, for which different genetic
characteristics of the sessile oaks could be responsible [76].

Despite this difference in site conditions and despite the differing ecological require-
ments of spruce and oak [77], two-thirds of the strong/extreme negative pointer years
(PYs) coincide in both sites. While they can be explained by cold summers in 1965, 1973,
and 1980, the causes of the growth decreases in the other six PYs (1976, 1991, 1995, 2000,
2006, and 2011) are due to heat waves in spring and/or summer and are also found in
other regions of Central Europe [60,78–81].

Despite the spatial distance between the two research sites, we observed similar radial
growth dynamics and similar growth reactions to extreme weather conditions across tree
species. We explain this phenomenon by the adaptation of the trees to their location
as postulated by Schweingruber & Nogler [82]. Only in case of negative temperature
anomalies, which may be related to the formation of cold–air sinks, for example, did the
general growth reaction become a bit more species specific. This is particularly valid for
the year 1988, where we observed completely opposite growth reactions between EIF
spruce and UWM oak: In both regions, the climate during the 1988 growing season was
characterized by almost average weather conditions and exceptionally cold conditions in
the growing season of the year before. For spruce, whose main distribution area is the
European mountain zone [77], the low temperatures in 1987 did not cause any problems–in
fact, rather the opposite, expressed by the observed above–average radial growth on the
EIF site. Sessile oak, in contrast, is considered a warmth–loving species [83]. Hence, the
cold summer months of 1987 disrupted growth so strongly that no carbohydrate reserves
could be established in 1987, which would have been necessary to produce the first xylem
cells in the following year 1988 [84]. The weather conditions in 1988, which were actually
also favourable for sessile oak, could not prevent the strong growth depression resulting
from the low temperature conditions of the previous year.

4.2. Specific Responses in 2018

In 2018, the trees at the two research sites showed opposite growth reactions: Due
to the hot and dry summer, the EIF–spruces have developed a negative PY. The UWM–
oaks, in contrast, showed above average wide tree rings (red bars in Figure 2C), which is
surprising and does not correspond to the other findings on the climate–growth response of
oaks during the European heat wave of 2018. In the North German Lowlands, for example,
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Heinrich et al. [85] found significant growth reductions for oaks as a result of the early
termination of the vegetation period.

In spring 2018, the physiological reaction of spruce and oak was still inconspicuous.
Both species showed typical diurnal sap flow patterns, which essentially followed the
VPD and radiation (Figures 4A and 5A). The dendrometers showed the respective inverse
pattern of diurnal stem swelling and shrinking and an increasing daily maximum as a
result of radial stem growth during the early growing season (Figure 4A). During the
hot and dry summer of 2018, however, the physiological reaction of the trees completely
changed (Figure 5B).

The spruces reacted as to be expected. As a response to heat and drought, they
closed their stomata [14,16], which decoupled the sap flow activity and, respectively, the
dendrometer curve, from the VPD and radiation: the DM–SRI and SF–SUM do not correlate
with most of the climate parameters at this point. Only on wet days, a positive correlation
between PCP and DM–SRI was observed and explained by the interim recovery of the stem
water storage during and shortly after the precipitation event [16,84]. As a result of the
stomatal closure during the day, the daily SF maxima in the summer were more than one
quarter lower than those we observed in the spring. They decreased with the increasing
duration of the dry period (Figure 4B). As a result of the persisting drought, the daily
maxima of the dendrometer curve remained on a constant level and did no longer increase
from day to day, which indicates that the radial growth was interrupted. The dendrometer
still showed the typical diurnal variation, which inversely followed the reduced sap flow
activity of the spruce. The interruption of cambial activity as indicated by the dendrometer
data explains the formation of the negative PY for spruce (Figure 2C).

Like that of the EIF–spruces, the dendrometer data of the UWM–oaks hardly showed
any correlation to the selected climate parameters in summer. Only on dry summer
days, we observed a negative correlation of the DM–SRI and RAD indicating radial stem
growth with reduced radiation input. The sap flow data of the UWM site, in contrast,
strongly correlates with the climate data. Particularly on hot and dry summer days, where
the spruces’ sap flow activity was already completely decoupled from the climate data
(Figure 5B), the sap flow of the UWM–oaks still increased with the increasing TMPmax,
VPD, and RAD. Hence, the hydraulic system of the oaks was almost fully maintained
even—or especially—in times of intensive solar radiation and despite the continuously
declining soil water reserves.

At the same time, the daily maxima of the stem radii (dotted black line in Figure 4B)
and, thus, the stem water reserves, decreased from day to day. This finding is in line
with Dietrich et al. [86], who also found shrinking stem radii, but ongoing photosynthetic
activity during the dry season of 2015 for sessile oaks near Basel, Switzerland. The authors
explain this phenomenon with the ability of oaks to adapt their cell activity to the prevailing
stem water potential: during phases of low water potential, for example, cell division may
still take place; however, cell elongation and contraction can be reduced or even stopped
due to the restricted water uptake from the soil. Instead, the trees covered their water
demand almost entirely from the stem water storage. Applied to our setting, this means
that due to the intensive use of the trunk’s internal water resources, the oaks were able to
maintain their hydraulic system, continue photosynthesis, produce carbohydrates, and
form new cells. This allowed for the observed unexpected growth and the above–average
tree–ring width despite the 2018 heat and drought (red bar in Figure 2C).

With that, the physiological response of the UWM–oaks to the extreme heat and
drought in 2018 was completely different from that of the EIF–spruces. For the oaks,
this appears to be a vital strategy for survival – they need to continue photosynthesis
despite the heat and the associated evaporation losses, because they need to store nutrient
and carbon reserves to initiate cell growth in the following year [87]. In contrast to the
coniferous spruce, oaks cannot fall back on the needles of previous years to cover their
nutrient demand in spring. As more than 95% of the water transport in oaks takes place in



Forests 2021, 12, 283 13 of 17

the xylem cells of the current annual tree ring [14,88], they need to maintain photosynthesis
and the related cell growth to survive.

5. Conclusions

In this study, we compared the responses of spruce and oak trees to the extreme
environmental conditions during the European heat wave of 2018. Although the general
long–term climate–growth relations of the analyzed forest stands were similar, the short–
term physiological responses of the two tree species to the extreme heat and drought in 2018
were completely different. The coniferous spruce trees locked down their hydraulic systems
and photosynthesis to prevent from excessive water loss and cavitation under drought.

This strategy resulted in a narrow tree ring and the formation of a negative pointer
year. The oaks, in contrast, maintained water transport and photosynthesis to allow for
continuing cell growth and covered their respective water demand essentially from the
trees’ internal stem water reserves. As a consequence, the oaks developed an above–
average tree–ring width despite the extreme temperature and drought conditions. The
extent to which the excessive use of stem water reserves is a sustainable strategy and when
this strategy becomes harmful to the tree can only be clarified by follow–up investigations
in subsequent years.
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the UWM–oaks (A) and the EIF–spruces (B), Figure S3: Mean plot of sap flow densities (red lines)
from 4 April to 15 September 2018 (DOY 100–258) and the associated range of measurements from
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