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Changes in the Thermal and Hydrometeorological Forest Growth Climate During 1948–2017 in Northern Germany
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Recent severe droughts and climate change projections have caused rising worries about the impacts of a warmer and drier climate on forests and the future of timber production. While recent trends in thermal and hydrometeorological climate factors have been studied in many regions on earth, less is known about long-term change in climate variables most relevant for tree health and productivity, i.e., temperature (T), precipitation (P), climatic water balance (CWB), and SPEI aridity index in early and mid-summer, when leaf unfolding and peak stem growth take place. Here, we analyze T, P, CWB, and SPEI trends separately for all growing season months (April-September) during the 1948–1982 (before the recent warming) and 1983–2017 periods (after the onset of warming) in their spatial variation across the North German Lowlands based on a dense climate station network. While trends in thermal and hydrometeorological variables were weak from 1948 to 1982, we find a significant decrease in April precipitation and increase in July precipitation from 1983 to 2017 throughout much of the study region, while June precipitation has decreased locally by 10 mm or more (or up to 20%). The cumulated growing-season CWB has deteriorated by up to 30 mm from 1948–1982 to 1983–2017 in most of the region except at the North Sea coast, where it became more favorable. Recent climate aridification is more pronounced in the drier South-east of the study region with a more continental climate, as indicated by stronger negative P, CWB, and SPEI trends for April, May, and June. We conclude that water availability especially in the physiologically important months April and June has deteriorated in the larger part of the North German Lowlands since the 1980s, increasingly impairing hydrometeorological forest growth conditions. The identified trends may serve as early-warning signals of anticipated future loss in tree vitality.
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INTRODUCTION

Drought is one of the most societally relevant weather and climate phenomena with far-reaching implications for water management, agriculture, food security, and human health (Orlowsky and Seneviratne, 2013). In many regions on earth, droughts impair agricultural production and threaten forest vitality and timber yield with consequences for food and wood supply and regional and global carbon cycles (Ciais et al., 2005; Allen et al., 2015; Anderegg et al., 2015). Evidence from many regions on earth suggests that recent decreases in dry-season water availability are at least partly caused by anthropogenic climate change (Padron et al., 2020).

The increasing impact of dry spells on human health, the economy, and natural systems in a warming world has triggered efforts to model the future frequency and severity of droughts and heat under different emission scenarios (Fischer and Schär, 2010; Jacob et al., 2014, 2018; Roudier et al., 2016; Spinoni et al., 2018; Kroll et al., 2022). These efforts build on, and are complemented by, studies analyzing past trends in climate variables determining drought intensity, notably summer precipitation, potential evapotranspiration, and climatic aridity, to assess the frequency and severity of current drought events in a historical context (Hanel et al., 2018; Büntgen et al., 2021). The latter information is valuable especially for forestry, as it may allow conclusions on a possible long-term deterioration of the trees’ growing conditions in different regions of Europe and elsewhere.

Central Europe is generally not considered a drought-prone region in comparison with more continental Eastern Europe or the Mediterranean. However, during the past decades, Central Europe has experienced a series of severe droughts that caused crown defoliation and tree and forest dieback at unseen extent (Senf et al., 2020; Braun et al., 2021; Gazol and Camarero, 2021). This has triggered research in the climatic drivers of forest destabilization and dieback (Schuldt et al., 2020; Braun et al., 2021). Yet, most studies of recent climate trends explore changes in thermal and hydrometeorological variables bulked over several summer months or the entire growing season (Kaspar et al., 2013; IPCC, 2021), which may not be focused enough to explain patterns of forest health decline. The growth of temperate deciduous trees is most responsive to the thermal conditions and water availability of only a few summer months, in Central Europe typically June and July during peak growth, and April and May during leaf unfolding (Zimmermann et al., 2015; van der Maaten et al., 2018). At least for Central European broadleaf tree species, these specific thermal and hydrometeorological conditions in the first half of the growing season are far more influential than autumn, winter, and spring temperatures and precipitation (Fuchs et al., 2021), as well as soil chemistry and fertility (Leuschner and Ellenberg, 2017). This is also valid for European beech (Fagus sylvatica L.), the most important tree species of the natural forest vegetation of Central Europe (Scharnweber et al., 2011; Zimmermann et al., 2015; Knutzen et al., 2017). A few published month-wise climate trend analyses have demonstrated that the different summer months often have followed quite different long-term trends during the late twentieth and early twenty-first century, and these trends may vary considerably across regions in Central Europe (Schönwiese and Rapp, 1997; Trömel and Schönwiese, 2007; Schönwiese and Janoschitz, 2008). Thus, the analysis of regionalized trends of drought-related climate variables for the physiologically most important months may elucidate long-term changes in trees’ growing conditions better than climate trend analyses for entire seasons or the full year that may miss biologically important changes in water availability and heat exposure during phenological phases with highest tree sensitivity.

Here, we analyze multi-decadal trends in important thermal and hydrometeorological variables with assumed relevance for tree growth and vitality for the North German Lowlands and explore their regional variation across an area of c. 140,000 km2 size. We use high-resolution gridded climate data provided by the German Weather Service (Deutscher Wetterdienst, DWD) for the 70 years from 1948 to 2017. The observation interval was split into two 35-year periods (1948–1982, 1983–2017) to contrast climate trends in the period of rapid warming since the early 1980s with the preceding more stable epoch. We focus on the six physiologically most important months April to September and analyze trends in mean monthly temperatures, monthly precipitation totals, monthly sums of the climatic water balance, and mean monthly climate aridity in their geographical variation at 30 study sites in beech forests spread across a pronounced 400 km-long precipitation and climate continentality gradient in the North German Lowlands. Special attention was paid to summer months with key importance for beech leaf-out and radial growth, notably April, June, and July. The following questions guided our research: (i) How did the forest growth climate change since the early 1980s in comparison to climate variation between 1948 and 1982? (ii) Are the recent warming and drying trends more pronounced in regions with more continental, drier climates than closer to the coast? (iii) Are regions with growing summer aridity but stable or increasing summer precipitation discernable from regions, where a summer precipitation decrease is reinforcing the increase in climatic aridity?



MATERIALS AND METHODS


Climate Data

Our study region includes the entire lowlands of northern Germany on Pleistocene substrates between the Dutch border in the west and the Polish border in the east, stretching from 7 to 13°E and from 51 to 54°N and covering the federal states of Lower Saxony, Schleswig-Holstein, Hamburg, Saxony-Anhalt, Mecklenburg-Vorpommern, Berlin, and Brandenburg. The region’s landscape is shaped by deposits of the last (Weichselian) and penultimate (Saalian) glacials and mostly is situated at elevations < 100 m a.s.l., with maximum elevations reaching 150 m a.s.l. Climatic conditions change from a cool-temperate oceanic climate near the North Sea coast to a temperate sub-continental climate near the Polish border. The climate gradient is associated with a decrease in mean annual precipitation (MAP) from > 840 in the NW to < 550 mm in the SE (Figure 1), and a steep increase in the deficit of growing-season climatic water balance in this direction (mean of 1991–2018 period; Supplementary Figure 1). Mean annual temperature (MAT) varies less across the gradient (9.0–10.0°C; Table 1).
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FIGURE 1. Mean annual precipitation (MAP in mm, 1991–2018, source: DWD) in the study area and location of the 30 studied forest sites in the North German Lowlands on Pleistocene substrates across a climate continentality gradient from W-NW to E-SE. At the 30 beech forest sites, the climate sensitivity of tree growth was analyzed in a companion study (Weigel et al., submitted)1. The red line marks the northern range limit of the central German low mountain range. Shown are the federal state boundaries of Lower Saxony, Schleswig-Holstein, Saxony-Anhalt, Brandenburg, Mecklenburg-Vorpommern and Hamburg, Bremen and Berlin.



TABLE 1. The 30 studied beech forests in northern Germany with their location, elevation, mean annual precipitation (MAP), mean annual temperature (MAT), and mean annual potential evapotranspiration (MAPET) (period 1948–2017, after DWD).

[image: Table 1]
Monthly precipitation and temperature data were downloaded for the 30 beech forest sites for the period 1948–2017 from the Climate Data Center (CDC) of the German Weather Service (Offenbach, Germany) as gridded datasets with 1 km mesh width. The data basis is formed by the main weather stations and the partner stations of the weather service, which constitute a dense network across Germany (Kaspar et al., 2013). In our study region, at least 600 stations reported precipitation data and at least 160 stations temperature data continuously to the weather service model grids in the period 1948–2017 (Deutscher Wetterdienst [DWD], 2021). This is more data than publicly available from the CDC server because the DWD partner stations often do not directly share their data (personal communication F. Kaspar, head of National Climate Monitoring at DWD; December 2021). Interpolation was done by the DWD with inverse square-distance weighting of stations, and adaptation to local elevation by regional regression over elevation was applied for temperature (Müller-Westermeier, 1995; Kaspar et al., 2013). The accuracy of this gridding method was verified against other GIS-based interpolation techniques (Maier and Müller-Westermeier, 2010). Even though the number of stations was somewhat reduced in recent years, the high weather station density of the DWD network with a mean distance between stations of 15 km (precipitation) or 30 km (temperature) in our study region provides a solid basis for applying such an interpolation method. Due to the high station density, missing data of individual stations in certain years have only a negligible influence on the produced maps.

Monthly potential evapotranspiration (PET) (in mm month–1) was calculated from local temperature and radiation data with the formula after Hargreaves and Samani (1982) as:
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with Tmax and Tmin being the monthly maximum and minimum temperatures (°C), Tmean monthly mean temperature (°C), and Ra the extra-terrestrial radiation of the latitude expressed in water flux (mm d–1), computed by dividing daily net radiation (MJ m–2 d–1) by the latent heat of vaporization (λ) and assuming constant water density. A, B, and C are empirical parameters (A = 0.0023, B = 17.8, C = 0.5). The 1985 Hargreaves equation provides robust estimates of PET for a wide range of climatic conditions based only on temperature measurements (Hargreaves and Allen, 2003), which are available at a high station density in the study region.

A month’s climatic water balance (CWB) was computed by subtracting monthly PET from monthly precipitation (Thornthwaite and Mather, 1955). Subsequently, the non-dimensional, multi-scalar aridity index SPEI (Standardized Precipitation Evapotranspiration Index) was calculated according to Vicente-Serrano et al. (2010) from monthly CWB, using a 3-month aggregation period and adjusting the period’s SPEI mean to 0 and the corresponding standard deviation to 1. The SPEI index has been used widely in both arid and humid regions for drought monitoring and mapping efforts of drought intensity from regional to continental scales (Tirivarombo et al., 2018; Zarei and Moghimi, 2019; Ma et al., 2020; Zarei et al., 2021). In comparison to other aridity indices, SPEI has been found to characterize drought severity better, especially in humid and semi-arid climates, largely due to the inclusion of both precipitation and evapotranspiration as variables (Zarei et al., 2021). Here, SPEI is used for analyzing temporal trends in aridity and visualizing regional variation in long-term trends in climatic aridity in the study region. All three hydrometeorological variables were calculated with R 3.6.3 (R Core Team, 2020) using the R package “SPEI” v. 1.7 (Begueria and Vicente-Serrano, 2017).



Trend Analyses

Trends in climatic parameters over the two 35-year study periods (1948–1982 and 1983–2017) were inspected by correlating climate time series with the calendar year (Pearson’s r), and subsequently applying the Mann-Kendall trend test (Kendall, 1976) to detect significant trends (p < 0.05). The correlation strength (r) quantifies the magnitude of change over time; positive r-values demonstrate increasing, negative r-values decreasing values of climate variables. The analysis of long-term trends in climate factors relevant for forest health (temperatures, precipitation, climatic water balance, and aridity index SPEI in the growing season) was conducted separately for the two periods 1948–1982 and 1983–2017, as the recent warming trend manifested in Central Europe from about 1980 onward. As the study aim was to analyze climate trends relevant for beech forest growth in the study region and beech forests are patchily distributed across the lowlands, we selected 30 beech forests from all over the study region (see Figure 1) and retrieved the climate data sets for these sites from the gridded climate data. In a first step, all 30 chosen locations were pooled in the trend analysis to obtain a general picture of climate warming in northern Germany. Regional differences in the climate trends of the study region were then analyzed by grouping the sites into four classes of mean growing season precipitation (MGSP, April-September) with each 7–8 sites pooled, namely the driest (“very dry”; MGSP: 306–328 mm), the fairly dry (329–358 mm), the fairly wet (364–418 mm), and the wettest sites (“very wet”; 419–448 mm), and climate trends were analyzed separately for these classes. The grouping was guided by dendrochronological data that show reduced growth of beech especially in the driest MGSP class (Weigel et al., submitted). In parallel, we also mapped the climatic changes for the whole study area based on the original gridded climate data. In the next step, we explored the trends of the climate factors at the 30 localities independently, which allowed correlating the magnitude and significance of trends with mean annual precipitation (MAP) or mean growing season precipitation (MGSP) at the considered sites.




RESULTS


Trends in Thermal Conditions

While mean growing season temperature (mean of April-September) was stable or slightly decreased in the 1948–1982 period, the mean of all sites and the means of the four growing-season precipitation classes (very dry, fairly dry, fairly wet, very wet) significantly increased from 1983 to 2017 (Figure 2A). The temperature increase is more pronounced in April, June, and September (significant trends) than in May, July, and August (non-significant tendencies) (Figure 2B). Comparing the means of the 1948–1982 and 1983–2017 periods shows no clear spatial variation in the extent of summer temperature increase across the study region (Supplementary Figure 2), except for the increase in June temperature, which is more pronounced toward drier sites (Figure 3).


[image: image]

FIGURE 2. Long-term trends (A) of mean summer temperature (mean of the months April–September) and (B) of the mean temperature of individual summer months in the periods 1948–1982 and 1983–2017 extracted from the gridded climate data of the DWD for the 30 study sites in the North German Lowlands, separately displayed for four classes of mean growing season precipitation (April–September; red: Driest sites, blue: Wettest sites). Significant trends are marked by solid trend lines (p < 0.05), non-significant ones by dotted trend lines. *p < 0.05 (not applicable in this graph), **p < 0.01, ***p < 0.001 according to a Mann-Kendall trend test.
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FIGURE 3. Relationship between the trend size (expressed by Pearson’s r of the correlation of climate variable with calendar year) of long-term change in monthly precipitation, mean temperature, mean climatic water balance and mean SPEI of the months April, May, June, and August in the period 1983–2017 at the 30 sites, and mean annual precipitation at the site. Significance levels of the spatiotemporal relationships: *p < 0.05, **p < 0.01, ***p < 0.001. For the trend sizes at any of the N = 30 sites (dots), negative r-values along the y-axis represent a decreasing trend, positive r-values an increasing trend. Filled dots: sites with significant trend in the period 1983–2017, circles: sites without significant trend. Results for July, (August), and September are not shown for clarity.




Trends in Hydrometeorological Conditions

While growing season precipitation (April-September total) averaged over all sites reveals no significant trend neither in the 1948–1982 nor the 1983–2017 period (Supplementary Figure 3A), large regional differences do exist. Decreases by up to 30 mm from the first to the second observation period occurred in parts of Lower Saxony, western Mecklenburg-Vorpommern, and southern Brandenburg, while increases were recorded close to the coast and in parts of Brandenburg and Saxony-Anhalt (Figure 4A). Analyzing the six summer months separately reveals for the complete station sample a significant decrease of April precipitation during the 1983–2017 period with a mean reduction by about 5–10 mm in most regions (Figure 5A), and a significant increase of August precipitation (Supplementary Figure 3B). The April precipitation trend is more pronounced (and often significant only) at the drier sites, while the August precipitation trend is stronger at the wetter sites (Figure 3). June precipitation with its high importance for beech growth shows no trend in the complete sample from 1948/1982 to 1983/2017 (Supplementary Figure 3B), but regional tendencies to a decrease by 10 mm or more in southern Lower Saxony, Saxony-Anhalt, and the south of Brandenburg are visible, while tendencies for increases prevailed in the coastal regions (Figure 5B).
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FIGURE 4. Interpolation (DWD 1 km2-gridded climate data) of growing season precipitation (sum of April-September) (A) and growing season climatic water balance (CWB) (cumulated over April-September) (B) in the North German Lowlands: means of the periods 1948–1982 (left) and 1983–2017 (center), and differences between the two period means (right). Positive precipitation differences: increase, negative differences: decrease; positive CWB differences: reduced deficit, negative CWB differences: increased deficit.
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FIGURE 5. Interpolation (DWD 1 km2-gridded climate data) of April (A) and June precipitation (B) in the North German Lowlands: means of the periods 1948–1982 (left) and 1983–2017 (center), and differences between the two period means (right). Positive differences: increase, negative differences: decrease.


Growing-season climatic water balance (CWB) shows no significant trend in the 1948–1982 and 1983–2017 periods, neither for the whole growing season (Supplementary Figure 4A) nor for the individual summer months (Supplementary Figure 4B). The only exception was April CWB that is significantly decreasing during the more recent 1983–2017 interval (Supplementary Figure 4B). However, contrasting the 1948–1982 and the 1983–2017 periods reveals decreases by 20–30 mm in growing season CWB for large areas of Saxony-Anhalt, Brandenburg, Mecklenburg-Vorpommern, and the south of Lower Saxony, while no change or increases have occurred close to the North Sea coast (Figure 4B). In fact, stations with lower MAP experienced greater decreases in the CWB of April, May, and June than moister stations (Figure 3). While growing season SPEI decreases in the complete sample only non-significantly in the 1983–2017 period (Figure 6A), we find significant SPEI decreases in this interval for April and June (and a non-significant tendency also in July; Figure 6B). Contrasting the 1948–1982 and 1983–2017 periods reveals a SPEI decrease by up to 0.3 units in April-August (but not in September) in most parts of the study region (Figure 7). The SPEI decrease in April, May, and June is more pronounced (and often significant only) at drier than at moister sites (Figure 3).
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FIGURE 6. Long-term trends (A) of mean SPEI in summer (Standardized Precipitation Evapotranspiration Index; mean of the months April–September) and (B) of mean SPEI of the individual summer months in the periods 1948–1982 and 1983–2017 extracted from the gridded climate data of the DWD for the 30 study sites in the North German Lowlands, separately displayed for four classes of mean growing season precipitation (April–September; red: driest sites, blue: wettest sites). Significant trends are marked by solid trend lines (p < 0.05), non-significant ones by dotted trend lines. *p < 0.05, **p < 0.01 according to a Mann-Kendall trend test.



[image: image]

FIGURE 7. Difference in mean monthly SPEI between the period average of 1948–1982 and of 1983–2017 for the six growing season months (April to September) in the study region. A SPEI decrease stands for climate aridification, an increase for a reduction in aridity.





DISCUSSION


Patterns of Change in Growing-Season Water Availability

The warming trend recorded during the 1983–2017 observation period in the station network in the North German Lowlands was significant in the growing-season months April, June, and September and in the growing season as a whole (April–September), but appeared only as a non-significant tendency in May, July, and August. The pronounced April warming agrees with earlier temperature trend analyses for the 1971–2000 and 1981–2000 periods in the region, which showed for April the largest and for July the smallest temperature increases in the growing season (Schönwiese and Janoschitz, 2008). The growing-season precipitation trends are weaker than the thermal trends, with no significant change visible in 1983–2017 in most months and the whole growing season. An exception is the significant precipitation decrease in April and the significant increase in July. Our results deviate from the trends recorded by Schönwiese and Janoschitz (2008) for the 1971–2000 period for northern Germany, in that decreasing precipitation was recorded in May and June in that interval, while April showed no change. In the nearby Czech Republic, early summer (April-June) showed a tendency toward decreasing precipitation in the 1961–2012 period in most parts of the country, while July precipitation tended to increase, resembling the pattern found in our region in the 1983–2017 period (Trnka et al., 2015a).

Inspecting longer observation periods back to the early twentieth century shows that precipitation decreases have repeatedly occurred in certain growing-season months in the past, but turned later into increases (Schönwiese and Janoschitz, 2008). In fact, the recent July precipitation increase was preceded by corresponding decreases in the first half of the twentieth century. It may be too early to decide whether the recent April precipitation decrease is rather decadal than a long-term trend in the study region. Nevertheless, a multi-proxy reconstruction of Central European June-August precipitation suggests that the 1850–2000 period was drier than the period from 1570 to 1800 (Dobrovolny et al., 2015), pointing at summer precipitation variation at the scale of several centuries.

Climatic water balance (monthly precipitation minus PET) and SPEI (CWB with a 3-month aggregation period and adjusted to a mean of 0) as aridity measures that account for both high temperatures and low precipitation are particularly suitable for capturing seasonal drought patterns during the growing season (Spinoni et al., 2018; Tirivarombo et al., 2018; Zarei et al., 2021). Averaged over the whole study region, both CWB and SPEI indicate a general decrease in water availability in the 1983–2017 period especially in early summer (April–June). A corresponding CWB decrease in particular during April-June was found in the Czech Republic during the 1961–2012 period (Trnka et al., 2015a). Obviously, in northern Germany, a (non-significant) increase in growing-season precipitation by about 40 mm as the regional average from 1983 to 2017 with a putative positive effect on tree growth is more than neutralized by the synchronous PET increase, especially in April and June. Consequently, CWB and SPEI are both significantly decreasing in April, and SPEI is doing so also in June. This should lead to a long-term reduction in soil water availability, as has been shown for April-June during the 1961–2012 period for the Czech Republic through a modeling study of root-zone soil moisture (Trnka et al., 2015b).

A progressive early-summer soil moisture decline is of high physiological relevance, as leaf unfolding mostly happens in April and peak growth typically takes place in June in beech and other broadleaf tree species in the study region (van der Maaten et al., 2018; Fuchs et al., 2021). It is plausible, therefore, that the radial growth of beech, Norway maple, small-leaved lime, and other temperate tree species is most sensitive to water deficits in current year’s (or previous year’s) June (e.g., Scharnweber et al., 2011; Babst et al., 2012; Zimmermann et al., 2015; Fuchs et al., 2021).

The decadal April SPEI decrease is largely driven by a recent precipitation decline in this month, which happens synchronously with a PET increase, while the June SPEI decline is solely a consequence of the increased atmospheric evaporative demand due to the warming. Much of Europe has experienced a significant and continuing increase in PET since the late 1980s (Stagge et al., 2017; Markonis et al., 2021). Our data suggest that the recent water balance deterioration in April affects trees primarily through a decrease in soil water availability, while the PET effect is of secondary importance, as the growing water deficit in April resembles more a cool- or cold-season drought (Markonis et al., 2021). An increasingly dry April will have a negative effect on leaf enfolding and early radial growth especially, when the preceding winter was too dry, as happened, e.g., in 2019 (Schumann et al., 2022). In contrast, increasing water deficits in June often come along with warm-season hot droughts, and the change in June hydrometeorological conditions exposes trees to both impaired atmospheric and soil water status, and frequently also to summer heat. Beech has been found to be particularly sensitive to the combined action of drought and heat (Leuschner, 2020).

Our analysis reveals that the forests of the North German Lowlands are not only exposed to an increasing frequency and severity of hot summer droughts in recent times (Zolina et al., 2013; Hanel et al., 2018; Vautard et al., 2020; Büntgen et al., 2021), but also face due to rising temperatures and evaporative demand a general trend to increasing climatic aridity especially in the early growing season. While severe droughts have the potential to cause crown dieback and subsequent tree death in beech and other more sensitive Central European tree species (Schuldt et al., 2020; Senf et al., 2020; Braun et al., 2021), the trend to higher climatic aridity in the early growing season likely increases the ‘base stress level’ trees are exposed to. In correspondence, several dendrochronological studies in Central European beech forests show recent increases in growth sensitivity to low summer precipitation and possibly also high summer temperatures (e.g., Knutzen et al., 2017; Kular et al., 2017). This may trigger acclimation responses such as osmotic and hydraulic adjustments, leaf area reduction, and modifications in root system structure and functioning (Leuschner, 2020; Nardini, 2021; Pritzkow et al., 2021), which might help maintain tree vitality and productivity in a warming and drying climate. However, when a species’ acclimation potential is exhausted, this chronic stress in early summer may lead to reduced carbon gain, a general vitality reduction, and increased susceptibility to drought damage and pathogen attack. This is suggested by the fact that beech radial growth is in the study region more sensitive to June SPEI than to other putative growth-influencing climatic factors (Scharnweber et al., 2011; Weigel et al., 2018; see text footnote 1).

Our analyses address changes in the frequency and severity of droughts only through changes in 3-month SPEI in the summer months, but do not quantify thermal and hydrological parameters with closer linkage to tree physiology, notably the extent of soil water depletion, atmospheric vapor pressure deficit, and heat. However, there is a consensus that the observed warming trend will lead to an increase of extreme thermal and hydrometeorological events in Europe in the twenty-first century (Fischer and Schär, 2010; Hari et al., 2020; Forzieri et al., 2021) and likely to an over-proportional increase of negative impacts on forests and other natural and anthropogenic systems. This suggests that SPEI changes are reflecting edaphic and atmospheric drought quite well (Tirivarombo et al., 2018).



Regional Variation in Growing-Season Drying Trends

The North German Lowlands are characterized by a fairly steep gradient of climatic aridity from WNW to ESE, as is displayed by two climate variables with high relevance for beech growth and vitality, i.e., growing-season CWB and June precipitation (see Supplementary Figure 2). Both variables clearly distinguish the states of Saxony-Anhalt, Brandenburg, and the east of Mecklenburg-Vorpommern from the western coastal regions. The eastern part of Lower Saxony and the western part of Mecklenburg-Vorpommern form a climatic transition zone between the two regions. The cumulative water deficit in the growing season increases from 50 to 100 mm in the North Sea coastal regions to > 300 mm in Saxony-Anhalt and Brandenburg. The deficit has increased from 1948–1982 to the 1983–2017 period in large parts of the study region, except for Schleswig-Holstein and northwest Lower Saxony, where it decreased. Particularly large is the deficit increase in parts of southern Lower Saxony and in the north of Saxony-Anhalt and Mecklenburg-Vorpommern with increments of up to 30 mm in the 35-year observation period.

The strength of the negative trends in precipitation amount, CWB, and SPEI of April, May, and June significantly increased with decreasing mean annual precipitation of the location. Thus, at the drier sites with a more continental climate, the decline in early-growing-season water availability was in tendency more pronounced than in the coastal more humid regions, and June warming was also more pronounced. Particularly tight was the MAP dependency for the decrease in April precipitation, CWB, and SPEI, and for June SPEI, while the second half of the growing season (July–September) revealed weaker or no relations of climate trends to MAP. Thus, the differences in hydrometeorological conditions between the oceanic north-western and sub-continental south-eastern regions are actually increasing with proceeding climate warming. This points at growing climatic stress exposure of those beech forests that already grow under more challenging thermal and hydrometeorological conditions. Physiological investigations have to show whether these beech populations are also better adapted to the stress or not.




CONCLUSION

Our analysis of recent change in thermal and hydrometeorological conditions in northern Germany demonstrates decreases in the climatic water balance since the 1980s especially in the physiologically important months of April and June, which deteriorates the forest growth climate in the larger part of the study region. Decadal decreases in June precipitation, as have happened in the core of the study region, are enhancing the increasing stress level. In general, the decrease in early-growing-season water availability is more pronounced in eastern Germany with a drier sub-continental climate than at the North Sea coast, where the growing-season water balance actually has become more favorable. Both the trend toward more extreme summer droughts and the general aridification of the early growing season suggest that beech forests may meet their drought and heat limits in part of the study region, notably in Saxony-Anhalt (and adjacent regions of western Brandenburg and eastern Lower Saxony) with lowest actual June precipitation and strongest decreases in June precipitation and June SPEI. Forestry planning in this region has to consider these threats by selecting tree species with proven drought tolerance such as oak, linden, hornbeam and maple species with adaptation to the continental climates of eastern and south-eastern Europe (Walentowski et al., 2017; Fuchs et al., 2021). Recently stagnating or even declining radial growth trends of beech in the regions with decreasing June precipitation match the findings of our climatological analysis (see text footnote 1). Our study further suggests that analyzing climate-variable trends with greatest biological relevance can provide forestry with a promising early-warning tool in the face of climate warming.
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FOOTNOTES

1Weigel, R., Bat-Enerel, B., Dulamsuren, C., Muffler, L., Weithmann, G., and Leuschner, C. (submitted). The interplay of global warming, drought, and soil properties control the climate vulnerability of European beech along a climatic range-equivalent precipitation gradient in northern Germany.
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Name Site code Elevation (m a.s.l.) Latitude Longitude MAP (mm) MAT (°C) MAPET (mm)

Brekendorf Bre 99 54025 9°39 848 9.0 672
Nordholz Nor 33 53°46' 8°37 848 9.6 624
Drangstedt Dra 30 53°36' 8°46 843 9.6 672
Sahlenburg Sah 23 58°51 8°36' 830 9.7 600
Sellhorn Sel 144 531 09°57’ 826 9.0 708
HeidmUhlen Hei 68 35T 10°07’ 821 9.2 696
Wiesmoor Wie 19 524" 7°46' 802 9.7 660
Haake Haa 72 53°27 9°54/ 786 9.7 696
UnterlUp Unt 141 52°49 10°19' 786 9.1 744
Kldvensteen Kldv 34 53°37’ 9°46' 778 9.6 708
Malente Mal 7 54°09' 10°33' 746 9.1 672
Grinderwald Gri 85 52°34’ 9°18' 719 9.9 744
Gohrde Goh 94 53°07" 10°49 700 9.2 720
Haffkrug Haf 51 54°03 10°43' 686 9.2 672
Tessin Tes 49 54°01’ 12°28' 645 9.0 684
Dlbener Heide Dib 159 atoay 12034 644 9.5 756
Klotze Klo 116 52°37" TR 643 9.4 756
Kaarzer Holz Kaa 70 53°40' 11044/ 632 9.2 696
Prora Pro 37 54025 13°3% 623 9.1 624
Medewitz Med 142 52°02' 12022/ 621 9.5 756
Zempow Zem 109 53°11’ 12°44' 594 9.0 732
Warenthin War 81 53°06' 12051/ 581 9.2 744
Summt Sum 58 52041/ 18028 580 9.8 756
Eggesiner Forst Egg 32 53°42' 14°08' 576 9.1 684
Potsdam Pot 45 52°26' 13°0% 575 9.9 768
Calvérde Cal 87 52024/ 11015 573 9.7 768
Chorin Cho 64 52°53 13°51/ 570 9.6 756
Zeuthen Zeu 47 52°19 13936 562 9.7 768
Mosigkauer Heide Mos 80 51044 12012/ 544 10.0 768
Halle Hal 124 51°29 11°54' 498 10.0 768

The stands are ordered by MAP.
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