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Abstract: Tree ring analyses can assist in revealing the effect of gradual change in climatic variables
on tree growth. Dendroclimatic analyses are of particular importance in evaluating the climate
variables that affect growth significantly and in determining the relative strength of different climatic
factors. In this study, we investigated the growth performance of Pinus sylvestris, Picea abies, and
Pseudotsuga menziesii in northern Germany using standard dendrochronological methods. The study
further analyzed tree growth responses to different climatic variables over a period of a hundred
years. Both response function analysis and moving correlation analysis confirmed that the climate
and growth relationship is species-specific and variable and inconsistent over time. Scots pine and
Douglas fir growth were stimulated mainly by the increase in winter temperatures, particularly the
January, February, and March temperatures of the current year. In contrast, Norway spruce growth
was stimulated mainly by the increase in precipitation in May, June, and July and the increase in
temperature in March of the current year. Climate projections for central Europe foresee an increase
in temperature and a decrease in the amount of summer precipitation. In a future, warmer climate
with drier summers, the growth of Norway spruce might be negatively affected.
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1. Introduction

Changes in the global surface temperature and precipitation regime have been signifi-
cantly driving species responses including plant development processes and growth [1-3].
Global surface temperature will continue to increase until at least the mid-century, and con-
tinued global warming is projected to further intensify the global water cycle, including its
variability, global monsoon precipitation, and the severity of wet and dry events [4]. Several
studies have suggested that the combination of increasing temperatures, extended growing
seasons, and reduced or intra-annually redistributed precipitation can either increase or
decrease tree growth [5-7]. For central Europe, a relatively rapid temperature increase
accompanied by an overall decrease in summer precipitation are projected until the end of
the 21st century [8]. Such changes in temperature and precipitation contribute to increased
variability with a greater risk of extreme impact events, such as prolonged drought, storms,
and floods, which may have a detrimental impact on forest ecosystems. Studies have
shown ongoing changes in climate parameters may result in vegetation shifts leading to
significant changes in species composition [9-11] and biomass production [12,13] including
tree decline [14,15]. A complicating factor for the consideration of future development is
that future climate scenarios are subject to uncertainties [16].

Knowledge of the resilience and resistance of tree species is crucial in understanding
the adaptation potential of a species in a changing climate. Temporal variability of temper-
ature and water regimes results in site-specific and species-specific variations in tree-ring
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width [17], offering the opportunity to assess the growth behavior of tree species under a
changing climate [18].

On the other hand, the tree rings tell a story: a story about the life of the tree and
the environment in which it grew [19]. Tree rings are natural archives that preserve
evidence of past climate changes and, therefore, permit paleoclimate reconstructions. With
these avenues, tree rings as proxy-based information have been used to indicate how the
climate has changed in the past, and specifically, for the reconstruction of temperature
and precipitation variability, tree-ring-based drought reconstructions, and several other
purposes since the early 20th century.

The potential of tree ring analyses in revealing the climatic response of the tree species
has been frequently discussed [20-22]. Dendroclimatic analyses are of particular impor-
tance in assessing the climate variables that affect the growth variability significantly and
determining the relative strength of different climatic factors [23]. As the climate signal is
confounded by many other factors that are not related to climates such as tree species, tree
age, management, concurrence, soil nutrient characteristics, pests, or exposure to sunlight,
the climate signal needs to be separated from the remaining “background noise” [23]. This
is commonly achieved by deriving a tree-ring chronology from available individual tree
ring series, which allows identifying climate signals that affect the growth pattern of trees.
Compilation of tree core data [24] and advances in the statistical application of tree ring data
result in more robust and long-term reconstructions of key indices such as temperature [25]
and precipitation.

The impact of climate change on some of the dominant tree species in Europe such
as Norway spruce (Picea abies), and Scots pine (Pinus sylvestris) has been discussed exten-
sively [26], though results are controversial. While there is an agreement that Norway
spruce is one of the most vulnerable tree species in Europe to climate change as the species
is not drought tolerant [27-29], studies have found mixed results on the impact of climate
change especially precipitation and temperature on other tree species like Scots pine [30,31]
and European beech (Fagus sylvatica) [32]. This has increased interest in introduced tree
species like Douglas fir (Pseudotsuga menziesii), as they are thought to be more resilient to
water deficit [33,34], however, a more recent study suggests the contrasting result [35], thus
suggesting further research are needed in the given area.

The study investigates the growth performance of three tree species, Scots pine
(Pinus sylvestris), Norway spruce (Picea abies), and Douglas fir (Pseudotsuga menziesii), in
northern Germany (Schleswig-Holstein) and determines the relationship between tree
growth, physical changes in key indices of climate change (i.e., temperature and precipita-
tion) and impact events (i.e., drought). The study uses tree ring information of the three
different species and provides a better understanding of the long-term impact of climate
change on forest productivity and carbon sequestration.

2. Materials and Methods
2.1. Selected Tree Species

For the study, three tree species, i.e., Scots pine (Pinus sylvestris), Norway spruce
(Picea abies), and Douglas fir (Pseudotsuga menziesii) were selected. The species are widely
planted species in Germany and across Europe. Scots pine and Norway spruce are native
tree species, and Douglas fir is an introduced species.

2.2. Study Sites

The samples for this study were collected from a forest located in Scharbeutz, Schleswig
Holstein, Germany. Due to its site characteristics, the forest area is representative of the
forests in the northern German federal state of Schleswig-Holstein. The forest is dominated
by Abies grandis, Fagus sylvatica, Pinus sylvatica, Picea abies, and Pseudotsuga menziesii. The
mean annual air temperature recorded for the study site is 8.6 °C (~24 m a.s.l.) based on
climate data for the period from 1900 to 2020. The mean annual precipitation is about
665 mm (Figure 1). The study was conducted in mixed, even-aged stands planted 119 to
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144 years ago. The tree species mixture consisted of different blocks with European beech
and Douglas fir, Norway spruce, Douglas fir and Scots pine, Norway spruce and Scots pine,
and Norway spruce, Scots pine and Douglas fir. The soils were moderately fresh low-loamy
soils with a moderate nutrient supply

2.3. Sample Collection and Preparation

Samples were collected from 60 dominant trees, comprising 20 randomly chosen trees
from each of the three species. Dominant trees were selected as they were less affected
by other micro-environmental factors: for example, competition for light, moisture, or
nutrients that may distort climate signals. Trees were cored at breast height (1.3 m above
ground) in two directions with an angle of 90° using a 5 mm increment borer. Information
on the location of cored trees, site information (altitude, slope gradient, aspect), and
several tree attributes (species, total tree height, crown base height) were recorded during
the sampling. The collected samples were labeled (Tree code, Tree ID, Core codes) and
transported to the dendrology laboratory of the World Forestry, University of Hamburg.
The cores were air-dried before proceeding to the examination.

2.4. Climate Data

Monthly climate data were obtained from Germany’s National Meteorological Ser-
vice [36]. Climate data for Scharbeutz were available for the period from January 1900 until
December 2020. DWD provides grid files (i.e., raster maps) of monthly weather data over
Germany at 1 km x 1 km spatial resolution. Data are available for different climate vari-
ables (e.g., monthly mean air temperature, monthly precipitation). Availability of historical
(gridded) climate data depends on the variable. A grid file of each climate variable included
in DWD was downloaded for each month (e.g., 140 years x 12 months = 1680 grid files for
mean air temperature). At each tree location, the value of the climate variable was extracted
from the grid and attached to the tree record. Climate data at each tree location were then
aggregated to obtain the value at stand level. Figure 1 shows the Walter-Lieth climate
diagram for Scharbeutz based on the precipitation and temperature data measured from
1900 to 2020.

Scharbeutz (24 m)

1900-2020 86C  665mm
- ~ 300
C mm
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40 - 80
218
30 6o
20 | “ | - 40
18
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Figure 1. Walter-Lieth climate diagram for Scharbeutz, Schleswig-Holstein. Precipitation and
temperature data were measured from 1900 to 2020. The left y-axis shows temperature (°C), and
the right y-axis shows precipitation (mm). The x-axis shows the months. The red curve shows the
temperature, and the blue curve shows the precipitation.
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2.5. Climate Data Trend Analysis

Trends in climate variables, temperature, and precipitation were explored using the
free software environment R [37]. Climate variables were plotted using the code as outlined
in Tang [38]. A smooth line was obtained using local polynomial regression fitting.

2.6. Tree Ring Measurement and Analysis

After air drying, the tree cores were sanded and polished to improve the visibility of
the growth ring for further analysis. Individual tree rings were marked and their width
was measured and digitized using a moving table, LINTAB (linear positioning table)
measuring system connected to a PC with the TSAP-win (time series analysis package for
windows) software package [39]. For each tree, two tree cores were measured and cross-
examined using TSAP-win software to detect apparent measurement errors such as missing
measurements. Cross-dating results were further verified using COFECHA software [40].
Flagged increment cores were re-examined for measurement errors, so COEFECHA was
used iteratively as needed.

2.7. Standardization and Chronology Building

Tree ring standardization was performed using the dplR package [41] based on R
software [37]. All tree ring series were indexed using a double detrending process. Modified
negative exponential curves were applied followed by a smoothing cubic spline with a
50% wavelength cutoff to 67% of the series length, in order to remove long-term trends
and to preserve high-frequency variations for climate growth analysis [42]. The ring-
width chronology was then developed by averaging the ensemble of detrended tree-
ring indices across the series for each year using the arithmetic mean. Furthermore, for
chronology building, the autocorrelation of every individual series was removed using
autoregressive models with a maximum order of three. This procedure ensured that the
obtained chronology contained only tree ring variability related to the climate variability
(i.e., climatic information stored by the series) and averaged out all long-term growth trends
and other noises. Sub sample strength (SSS) of each data set was calculated following [43],
using notations from Buras [44]. Only years with values of SSS above 0.85 were used
for further data analysis [44,45]. The numbers of samples per tree species included in
the further analysis are presented in Table 1. The strength of the common signal in the
chronologies was examined using expressed population signal (EPS) statistics. As often
practiced, the EPS value should exceed the threshold of 0.85, indicating an adequate strength
of the common signal in the time series. When the EPS value drops below this level, the
chronology starts to be dominated by individual tree level signals [46]. Other chronological
statistics, namely mean index, standard deviation, mean sensitivity, series intercorrelation,
autocorrelation, and mean inter-series correlation (Rbar), were also computed. Mean
sensitivity is a measure of the year-to-year variability in the master chronology. Mean
sensitivity of around 0.2 is generally accepted as indicative of series that are sensitive
enough for climate reconstruction [46]. Series intercorrelation is a measure of the site/stand
level signal. In general, average inter-series correlation values above 0.50 are considered
desirable [40], but the value depends on the species, geographic location, and regional
climate. So, the critical value is considered as 0.32 [40]. The Rbar statistic is the average
correlation between all possible series windows with a 50-year overlap. Hence, it acts as a
running measure of percent common variance, or common signal strength [47].

2.8. Climate Growth Relationship

The relationships between tree-ring chronologies of each species and climate variables
(monthly mean temperature, and monthly precipitation sums) were assessed using re-
sponse function analysis [48]. The temporal stability of the climate growth relationship was
explored with progressive year-to-year moving correlations with a base length of 30 years.
The calculation results in time-series of correlation coefficients that reflect changes in the
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climate growth relationship over time. The analysis was performed using the R package
treeclim [41,49].

2.9. Drought Event Impact Analysis

Superposed epoch analysis (SEA) was applied to test the significance of the tree growth
response to drought years, if any. SEA was performed using the R package dpIR [41].

The standardized precipitation evapotranspiration index (SPEI) was used as a drought
index. The SPEI is based on precipitation and temperature data, and thus has the advantage
of combining multi-scalar character with the capacity to include the effects of temperature
variability on drought assessment [50]. The SPEI was calculated with R software [37]
using the SPEI package [51]. Potential evapotranspiration (PET) was calculated with the
Thornthwaite method [52] using monthly mean temperature and a correlation coefficient
derived from latitude to calculate day length. SPEI was calculated from 1900 to 2020
by averaging the monthly index values of the growing season from April to September
(Figure 2). Years with an SPEI smaller than —1.5 were classified as moderate drought years,
and the years with an SPEI value of more than —1.5 were classified as severe drought
years [53].

Scharbeutz, SPEI-12

SPEI
0

i ; i i i i i
15900 1920 1940 1960 1980 2000 2020

Figure 2. Calculated standardized precipitation evapotranspiration index (SPEI) for Scharbeutz from
the year 1900 to 2020 with 12-month time scale. The blue-colored series represents positive SPEI
values (>0) of years with a positive climatic water balance, and the red-colored series represents
negative SPEI (<0) values of years with a negative climatic water balance.

3. Results
3.1. Climate Data

There is an increasing trend of temperature and precipitation in Scharbeutz (Figure 3).
The mean temperature has increased by nearly 2 °C since 1900. Annual precipitation
totals also increased by over 50 mm over the period, and most of this has occurred since
about 1975.

The monthly mean temperature is also indicative of the increase in mean annual
temperature. As evident in Figure 4, each calendar month has experienced an increase
in mean temperature over the 120-year period (1900-2020). The monthly development
of precipitation between 1900 and 2000 is variable. While February showed the highest
increase in precipitation, March, April, and August showed declining trends.

3.2. Tree Ring Chronology

A total of 19 Pinus sylvestris trees (39 cores) with 3943 measurements were successfully
cross-dated and utilized for building site chronology. The chronology spanned 121 years
(1900-2020). For Picea abies, a total of 17 trees (32 cores) with 2831 measurements were
successfully cross-dated and utilized for building site chronology. The chronology spanned
101 years (1920-2020). For Pseudotsuga menziesii, a total of 19 trees (38 cores) with 3097
measurements were successfully cross-dated and utilized for building site chronology. The
chronology spanned 99 years (1922-2020). The chronology of each species is presented in
Figure 5.
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Figure 3. Plot of annual mean temperature (left) and annual precipitation (right) for Scharbeutz

(northern Germany).
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Figure 4. Plot of individual month summary of the monthly mean temperature (left) and monthly
mean of precipitation (right) for the study area (Scharbeutz, northern Germany). Months are repre-
sented as a number (for instance; January is represented as 1, and December as 12).

The statistical parameters of the site chronology are presented in Table 1. The mean
tree ring width of Douglas fir was the highest (2.78 mm) among the studied species, closely
followed by Norway spruce (2.71 mm) and Scots pine (2.06 mm). Mean sensitivity in all of
the three species was in the accepted range. Series intercorrelation, which is a measure of
the site/stand level signal, for the three species was well above the critical value of 0.32.
The mean EPS of Scots pine, Norway spruce, and Douglas fir were 0.865, 0.872, and 0.861,
respectively, all well above the threshold value of 0.85 required to produce a statistically
robust chronology. The degree of synchronicity, Gleichliufigkeit, for all of the species was
0.634, 0.643, and 0.608, all above the general threshold of 60%.
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Table 1. Statistical characteristics of tree ring width index chronology of Scots pine (Pinus sylvestris),

Norway spruce (Picea abies), and Douglas fir (Pseudotsuga menziesii) Scharbeutz (northern Germany).

Parameters Scots Pine  Norway Spruce  Douglas Fir
No. of trees 19 17 19
Overall period 1900-2020 1920-2020 1922-2020
Age range (years) 81-121 75-101 60-99
Mean tree ring width (mm) 2.06 2.71 2.78
Standard deviation (mm) 1.037 1.272 1.38
Mean sensitivity 0.24 0.28 0.27
Series intercorrelation 0.541 0.565 0.477
Autocorrelation 0.497 0.440 0.484
Expressed population signal (EPS) 0.885 0.897 0.861
Rbar 0.241 0.271 0.204
The degree of synchronicity Mean Gleichliufigkeit 0.634 0.643 0.608
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Figure 5. Ring width chronology of (a) Scots pine (Pinus sylvestris), (b) Norway spruce (Picea abies),
and (c) Douglas fir (Pseudotsuga menziesii), Scharbeutz (northern Germany). Gray shaded area
indicates sample depth with the scale on the right Y-axis.
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3.3. Climate—Growth Relationships

Climate-growth relationships of the three species were different over time. The re-
sponse function analysis between the tree ring chronologies and climate variables (mean
monthly temperature and monthly precipitation sums) showed that the tree ring growth of
the Scots pine was strongly positively correlated (p < 0.05) with the winter months, i.e., cur-
rent January, February, and March temperatures (Figure 6). A similar pattern was observed
in Douglas fir. In addition, the current year’s June temperature influenced tree growth
negatively. However, the influence of temperature was observed to be slightly different in
Norway spruce, where only March temperature had a significant positive impact.

Similarly, precipitation played a varied role in the growth of the species. While
precipitation had no correlation with tree ring growth in the Scots pine, May, June, and July
precipitation had a strong positive correlation with Norway spruce growth (Figure 6). In
Douglas fir, precipitation in June of the previous year and in July of the current year had a
significant impact on tree ring growth (Figure 6).

The moving correlation analysis also showed an increasing trend in tree ring growth
sensitivity to temperature (Figure 7). As with the above analysis, January, February, and
March temperatures were the most influential climate variables for tree growth in Scots
pine. Tree growth had responded positively to January, February and March mean tem-
peratures since 1911, and the trend was stronger in recent years. Though the effect of
April temperature on tree growth was significant in many years (1916 to 1980), its effect
diminished over time. Furthermore, the effect of precipitation on Scots pine growth was
not consistent over the years.

In the case of Norway spruce, the moving correlation analysis showed that tree ring
growth responded positively to February and March mean temperatures for many years,
though the impact was not consistent (Figure 7). April mean temperature also showed
a significant positive impact on tree growth through the period 1921-1975; however, the
effect diminished in more recent decades. In the early years (1920 to around 1970), February,
May, and June precipitation had a significant positive impact on the tree growth of Norway
spruce. However, in later years, there was a clear shift. June and July precipitation had a
stronger positive relation to tree growth with the decreased influence of May precipitation.

In Douglas fir, the moving correlation analysis showed a more consistent positive
influence of January, February, and March temperatures on tree growth from 1936 onwards
(Figure 7). During the period of 1921 to 1985, May precipitation had a positive impact on
tree growth; however, that trend declined over the years.
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Figure 6. Plot of bootstrapped response function analysis relating tree ring growth in Scots pine
(Pinus sylvestris) (upper), Norway spruce (Picea abies) (Centre), and Douglas fir (Pseudotsuga menziesii)
(lower) to sums of precipitation and mean monthly temperature from previous June to current Septem-
ber, Scharbeutz (northern Germany). Abbreviated previous-year months are given in lowercase
letters, and current year months are given in uppercase letters.
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Figure 7. Plot of moving correlation function with 30-year window relating to tree ring growth
of Scots pine (Pinus sylvestris) (left), Norway spruce (Picea abies) (middle), and Douglas fir
(Pseudotsuga menziesii) (right) to sums of precipitation and mean monthly temperature. Significant
correlations (p < 0.05) are indicated by white asterisks.

3.4. Drought Event Impact Analysis

Calculation of the standardized precipitation evapotranspiration index (SPEI) showed
that 1907, 1912, 1921, 1934, 1938, 1947, 1954, 1960, 1972, 1974, 1976, 1996, 2003, 2009,
and 2019 were severe drought years. Superposed epoch analysis (SEA) based on given
drought years showed a significant decline in tree ring growth of all three species (Figure 8).
However, the impact in following years was observed only in Douglas fir.
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Figure 8. Superposed epoch analysis (SEA) results showing the significant influence of drought
events on Scots pine (Pinus sylvestris) (upper), Norway spruce (Picea abies) (central), and Douglas fir
(Pseudotsuga menziesii) (lower) growth. In the figure, 0 indicates the event year, —1 and —2, and +1
and +2 indicate one year and two years before and following the drought events, respectively. The
dark-colored bar indicates significant growth reduction (p < 0.05).

4. Discussion
4.1. Chronology Characteristics

The mean tree ring width of Douglas fir is larger than that of Norway spruce and Scots
pine. This is in line with similarly studied trees [33,35]. The mean sensitivity, EPS, and series
intercorrelation of all three studied species suggested a strong common environmental
signal [45]. Age structure differed only slightly among the species, allowing us to compare
growth parameters. All trees were growing within the same forest, either mixed or in
stands nearby, with similar microclimatic conditions, altitude, soil, and aspect.
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4.2. Climate-Growth Relationship

Both response function analysis and moving correlation analysis confirmed that the
climate—growth relationship was species-specific, but variable and inconsistent over time.
The growth of Scots pine and Douglas fir were mainly stimulated by high temperatures
in January, February, and March of the current year. This points out that Scots pine and
Douglas fir thrive better the mild winters. Such a positive correlation between growth and
winter temperature in Douglas fir has been reported in several other studies (e.g., [35,54,55].
During harsh winters, the freezing temperatures may result in deep-frozen soil. Under
such conditions, winter desiccation threatens Douglas fir trees [35,56]. Increases in winter
temperature reduce such threats. Contrarily, high temperatures in June of the current year
impeded growth in Douglas fir, which seemed to be countered by the high precipitation in
June of the previous year and July of the current year. However, the moving correlation
highlighted decreasing sensitivity of Douglas fir growth to precipitation. The lower impact
of drought on Douglas fir has often been mentioned [33,34].

In contrast, high variability and volatility of precipitation had a higher impact on Nor-
way spruce growth. Norway spruce growth was stimulated mainly by high precipitation
in May, June, and July and high temperature in March of the current year.

4.3. Tree Growth Sensitivity to Climate Change

In Scharbeutz, there has been a clear increase in temperature. The mean temperature
has increased by nearly 2 °C since 1900. The changing pattern is consistent with observed
and predicted climate models for central Europe [8]. The average temperature changes
have been positive, and winter has warmed more than summer. On average, annual
precipitation has increased by over 50 mm since 1900; most of this increase has occurred
since about 1975. However, the monthly development of precipitation is more complicated.
While there has been a clear increase in winter precipitation, summer precipitation has
been more or less constant. This is also consistent with projected changes in precipitation,
which vary substantially across regions and seasons. Studies have shown a significant
increase in winter precipitation in central Europe [8,57-59] but a decrease in summer
precipitation [8,60].

In general, rising winter month temperatures seem to have favored the growth of
Scots pine and Douglas fir. An increase in summer precipitation showed a positive impact
on Norway spruce growth, indicating that drier summers might have an adverse impact on
the species. From the plot of the moving correlation function, it is obvious that the impact
of May precipitation has already diminished, and the impact of June and July precipitation
is also fading. This might have been contributed by soil moisture and temperature cou-
pling [61,62]. Changes in monthly precipitation can easily be buffered by storage capacity,
but changes in temperature cannot be buffered, as they impact both evapotranspiration
and soil moisture. Increased temperature leads to more evaporative demand, and in turn,
further drying of the soil.

An increase in the length of the growing season due to warming temperature con-
tributes to environmentally induced incremental changes. Henttonen et al. [63] observed
that climate warming has increased the forest productivity of Swedish forests. Similarly,
forest areas located in higher altitudes, for example, forests with less drought risk in the
Black Forest, Germany, may benefit from the increasing length of the growing season [64].
Our finding of an increment in tree growth in the mild-winter season corroborates with
these findings.

However, climate change will likely increase the risk of deficient precipitation over
an extended period of drought in some areas, while the risk of flooding due to extreme
precipitation affects other parts of the world. Our study indicated a significant decline
in tree ring growth of all three species in the severe drought years suggested by the SPEI
calculation. Central Europe has experienced extreme events such as intensive droughts,
heat spells, and devastating flash floods in recent years. The 2003 millennial drought,
unprecedented 2018 drought, and drought in 2019 are a few to mention [65]. As a result of
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extreme drought stress in 2018 and 2019, unprecedented drought-induced tree mortality
was observed in many tree species throughout central Europe [65,66].

Moreover, climate change could alter the frequency and intensity of forest disturbances,
and these disturbances can interact with one another and increase the risks to forests.
Drought conditions contribute to an increase in the extent, intensity, and severity of forest
fires, and lower water tables to the point where the trees’ roots are unable to draw moisture.
Such dry conditions weaken the natural defenses of trees that protect them against pests
and pathogens. In Germany, hot and dry summers in the past few years have increasingly
affected the forests. Pests such as bark beetles have proliferated in particular in already-
weakened trees [67]. The unfavorable combination of drought, wildfires, and bark beetle
infestation particularly in Norway spruce trees massively ravaged German forests in
2018 and 2019. The Federal Statistical Office [68] reports that timber infested by insects
accounted for 53.8% of the total amount of timber logged in 2020 (80.4 million cubic meters).
Strong drought legacy effects, such as detected in 2019 [65], would further worsen the
situation. These events do not only disrupt the ecology of forests and the economics of
forest management but also pose major existential threats to the private forest owners who
own half of the total forested land in Germany. Beyond Germany, the intensive droughts in
2018 and 2019 caused a widespread bark beetle outbreak affecting Norway spruce forests in
central Europe [69,70]. The impacts of severe droughts, widespread wildfires, windstorms,
bark beetle infestations, and several other pest and disease outbreaks on European forests
are expected to intensify in the coming years [71]. Such deleterious impacts will directly
affect the success of national, regional, and global policies, strategies, and targets related
to climate change mitigation and adaptation, management of all types of forests, and
biodiversity conservation.

The findings of this study show a positive relationship between rising mean tempera-
ture and tree growth. Contextualizing the results of this study requires an understanding
that the influence of warming on above-ground biomass tends to alter the interpretation of
change in temperature—for example, changes in mean surface air temperature, changes
in minimum mean surface air temperature, and changes in winter temperature or the
effects of changes within a particular temperature range, e.g., 5-20 °C. Moreover, impacts
of climate-induced warming on forest biomass gain and loss vary between geographi-
cal regions. Recent literature reported a temperature-driven decrease in biomass in the
tropics [72,73]. Hubau et al. [72] suggested that the carbon sink of intact tropical forests
peaked in the 1990s and started to decline thereafter. Larjavaara et al. [73] found that the
above-ground biomass of old-growth forests is expected to decrease in all humid lowland
areas except the boreal regions. Disentangling the impacts of rising CO2 concentrations
and increasing temperature was not within the scope of this study; such an effort would be
difficult without experimental studies. Our study was based on the fact that both growth
and reproduction are controlled by temperature [74]. Temperature limits growth more
severely than it limits photosynthesis over the temperature range 5-20 °C [ibid.].

5. Conclusions

In light of future climate change, forests must both adapt to a changing climate and
make an important contribution to mitigation as natural sinks for atmospheric CO,. Tree
growth responses to changing climate are complex, and the understanding we have is still
limited. Despite that limitation, our study underlines that the climate—growth relationship
is species-specific.

Uncertainties about future climate change pose a particular problem for safeguarding
the sustainability of forests. Small changes in warming at the global level can be amplified
at the regional level. For example, a 2 °C increase in global surface temperature can be
expected to increase European summer temperatures by 3 °C [16]. Large uncertainties
also exist in the development of future precipitation patterns. The strong variability of
regional temperatures and precipitation poses a substantial problem for the development
of adaptation strategies for forests. Drier summers would result in a preference for Scots
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pine and Douglas fir over spruce, and colder winters would result in a preference for
spruce over Scots pine and Douglas fir. Apart from extreme events associated with higher
mortality, climate change will affect forest biomass production. This may affect not only
timber production but also carbon sequestration.

The question of how forests can be adapted to climate change will thus be primarily
a question of risk minimization. As in our study, a retrospective view through dendrocli-
matological studies could make an important contribution to our understanding of the
climate-dependent nature of growth. In further studies, additional attention should be paid
to local site conditions, especially the water storage capacity of the soil.
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