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Abstract
The microclimatic conditions within forests have great importance for biodiversity and ecosystem functioning. Conse-
quently, understanding how management and associated changes in forest structure drive the inter-annual variability in 
forest microclimates is critical to forecasting ecosystem responses to climate change. Here, we investigated the impact of 
the amount of harvested timber on the inter-annual variability of forest microclimates in different management systems 
in Germany. We combined an 11-year time-series of observations from meteorological stations at 149 permanent forest 
plots and 50 adjacent open land plots with stand structural and topographic variables, as well as annual data on timber 
harvest. A linear mixed-effects model, incorporating harvested basal area, basal area, diurnal temperature range anomaly 
in the open land, precipitation, and elevation above sea level, explained 72.48% of the variance in the diurnal temperature 
range anomaly in forests. Overall, we found only weak evidence for forest management effects on forest microclimate 
anomalies. Our results suggest that microclimate anomalies are predominantly driven by precipitation and temperatures 
outside the forests, with forest management effects being of comparably low importance. We conclude that management 
interventions with low to medium intensity do not counteract the maintenance of forest microclimates. As the inter-annual 
variability in the diurnal temperature is rather linked to inter-annual differences in weather conditions than to forest 
management, climate change-related weather extremes will most likely result in microclimate extremes within forests, 
potentially affecting their biodiversity and ecosystem functioning.
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Impacts of forest management on the inter-annual variability of forest 
microclimate

Kim K. Weißing1  · Kerstin Pierick1,2  · Roman M. Link3  · Michael Köhler4  · Martin Ehbrecht1

Introduction

Climate change-related increases in the frequency and 
intensity of extreme weather events, such as droughts and 
heatwaves (IPCC 2023), are predicted to negatively affect 
forest biodiversity and ecosystem functions (Zellweger et 
al. 2020; De Frenne et al. 2021; Beugnon et al. 2024). For-
est canopies buffer microclimatic conditions inside forests 
from open landscape weather fluctuations and may thereby 
mediate responses of forest biodiversity and ecosystem 
functions to climate change (Bertrand et al. 2011; De Frenne 
et al. 2013; Frenne et al. 2019; Scheffers et al. 2014; Ash 
et al. 2017). The temperature buffering capacity of forests 
depends on topography, general weather conditions, and 
forest structure (De Frenne et al. 2021; De Lombaerde et 
al. 2022; Gril et al. 2023a). Not only weather conditions 
but also forest structure is variable between years. In pro-
duction forests, changes in forest structure over time hap-
pen through processes of tree growth and mortality, but 
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especially drastic through silvicultural interventions (Chen 
et al. 1999; Jucker et al. 2018; Ehbrecht et al. 2019). Thus, 
understanding how the combined influence of timber har-
vest and varying weather conditions modifies the microcli-
matic temperature buffering over several years is crucial to 
understand responses of forest biodiversity and ecosystem 
functioning to climate change. Against this background, an 
in-depth understanding of forest management impacts on 
forest microclimate is a prerequisite for the development of 
climate change-adapted forest management strategies.

It is well known that microclimate in forest ecosystems 
is mainly driven by macroclimatic conditions (Aussenac 
2000; Holst et al. 2004). However, forest management also 
determines forest microclimate by modifying three-dimen-
sional forest structure, which in turn influences radiation 
regimes and thereby temperature buffering. Canopy open-
ness and vertical layering in particular have been identified 
as major structural determinants of forest microclimate. For 
Central European forests, 82% of the variation in the diurnal 
temperature range, which is the difference between the daily 
maximum and minimum, could be explained by topography 
(elevation and exposition) and canopy structure (canopy 
openness, vertical layering) across macroclimatic gradients, 
with canopy structural effects being the major determinant 
under comparable topographical conditions (Ehbrecht et al. 
2019; Menge et al. 2023). Regarding temperature buffering 
effects, average temperatures of temperate European forests 
were reported to be 2.1 °C cooler during summer and 0.4–
2.0 °C higher during winter in comparison with open land 
(Zellweger et al. 2019; De Frenne et al. 2019; Haesen et al. 
2021). This temperature buffering by forest canopies deter-
mines habitat quality for various forest-dwelling organism 
groups (Kovács et al. 2017; Schall et al. 2018a), like vas-
cular plants (Sewerniak and Puchałka 2020), deadwood 
fungi (Bässler et al. 2010), beetles (Seibold et al. 2016), 
spiders (Gallé et al. 2021), hymenopterans (Fornoff et al. 
2021), birds (Frey et al. 2016), or bats (Boyles 2009) on a 
local scale (alpha-diversity). At the same time, within-stand 
and between-stand differences in forest structure define 
the spatial heterogeneity of forest microclimates (Menge 
et al. 2023). While the impacts of forest management on 
stand- and landscape-level variability of forest microcli-
mates are well understood (e.g., Menge et al. 2023), much 
less is known about how management affects the temporal 
variability of forest microclimate and whether management 
triggers forest microclimate anomalies (Potter et al. 2001; 
von Arx et al. 2012).

In temperate European forests, management systems 
vary from coarse-grained, even-aged management (e.g., the 
shelterwood system) to fine-grained, uneven-aged manage-
ment. Under even-aged management, a landscape is usually 
composed of a mosaic of even-aged, single- or two-layered 

stands (Pretzsch 2019; Bartsch et al. 2020). This approach 
results in high structural heterogeneity between stands due 
to a variety of different age classes at landscape-level, but 
low structural heterogeneity within stands (Ehbrecht et al. 
2017). In Central Europe, uniform shelterwood systems 
constitute the dominant even-aged silvicultural system, fol-
lowed by clear-cutting systems and uneven-aged systems 
(Aszalós et al. 2022). In uneven-aged systems managed 
under the principles of single tree selection systems, single 
tree or group selection harvestings create a higher structural 
heterogeneity with multiple canopy layers at stand-level 
due to a high variability of tree diameters and small-scale 
spatial intermingling of different tree sizes (Ehbrecht et al. 
2017; Schall et al. 2018a). In comparison to unmanaged 
forests, both even-aged and uneven-aged managed forests 
were shown to be characterized by a higher diurnal tem-
perature range as well as a higher landscape-level heteroge-
neity of forest microclimates (Ehbrecht et al. 2019; Menge 
et al. 2023). However, it remains largely unclear how for-
est microclimates differ temporally, as long time series 
are rarely available. There is an increasing need to better 
understand how management and associated changes in 
forest structure drive the inter-annual variability in forest 
microclimates in order to develop climate change-adapted 
forest management strategies and better predict forest bio-
diversity responses to climate change in actively managed 
forest landscapes.

In this study, we investigate the impacts of forest man-
agement on the inter-annual variability of forest microcli-
mates. By using an 11-year time-series of microclimate 
measurements from 149 forest plots from three regions, we 
analyze whether inter-annual differences in microclimate 
can be explained by measures of management intensity and 
management systems. Our regions cover a macroclimatic 
gradient, ranging from sub-oceanic to continental climates, 
as well as a topographic gradient, ranging from lowland for-
ests in northeastern Germany to forests in the low moun-
tain ranges of southwestern Germany. A set of 50 weather 
stations in open lands adjacent to our forests allows us to 
control for weather conditions outside the forest as potential 
drivers of forest microclimates. We hypothesize that forest 
management interventions are a main driver of forest micro-
climate anomalies. To test our hypothesis, we develop a lin-
ear mixed-effects model to explain anomalies of the diurnal 
temperature range, which is a commonly used indicator of 
forest microclimate. We use the harvested basal area, as well 
as stand structural, climatic, and topographic variables as 
predictors, as these have been shown to be meaningful for 
forest microclimate (e.g., Greiser et al. 2018; Ehbrecht et 
al. 2019).
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Methods

Study areas

This study was part of the Biodiversity Exploratories (www.
biodiversity-exploratories.de), a research platform to inves-
tigate the impacts of land use on biodiversity and ecosys-
tem processes (Fischer et al. 2010). The studied forest plots, 
each measuring 100 × 100 m (1 ha, n = 149), are located in 
the German regions of Swabian Alb (ALB), Hainich-Dün 
(HAI), and Schorfheide-Chorin (SCH) that differ in climate, 
topography, and soil characteristics and are representa-
tive of major Central European forest types and manage-
ment systems (Table 1; Fig. 1; for details, see Fischer et al. 
2010; Solly et al. 2013; Nieschulze and Ostrowski 2023). 
In Hainich-Dün, one plot (HEW02) was removed due to 
an incomplete series of temperature measurements (wind 
thrown in winter 2015). The forest plots in Swabian Alb and 
Hainich-Dün are dominated by European beech (Fagus syl-
vatica L.) or Norway spruce (Picea abies (L.) H. Karst.). 
In Schorfheide-Chorin, the dominant tree species are 
either beech, pedunculate oak (Quercus robur L.), or Scots 
pine (Pinus sylvestris L.). The studied plots represented 
even-aged and uneven-aged forest management, as well 
as formerly managed plots that have been abandoned for 

Table 1  Information on the main geographic and environmental char-
acteristics of forest plots in the three study areas (Fischer et al. 2010; 
Solly et al. 2013; Schall et al. 2018b; Nieschulze and Ostrowski 2023)

Swabian Alb Hainich-Dün Schorfheide-Chorin
Location Southwest 

Germany
Central 
Germany

Northeast 
Germany

Coordinates lat: 48.44°, 
long: 9.39°

lat: 51.16°, 
long: 10.47°

lat: 53.01°, long: 
13.77°

Area ~ 422 km2 ~ 1300 km2 ~ 1300 km2

Topography low mountain hilly land lowland
Elevation 
a.s.l.

690–820 m 290–500 m 45–100 m

Climate sub-oceanic sub-oceanic sub-continental
Mean annual 
temperature

6.0–7.0 °C 6.5–8.0 °C 8.0–8.5 °C

Annual 
precipitation

700–1000 mm 500–800 mm 500–600 mm

Soil type Cambisol 
(Eutric)

Luvisols Cambisol (Dystric)

Fig. 1  Map illustrating the locations of the three study areas, along 
with the associated forest and open land plots included in our study. 
This map has been prepared using information from the European 

Union’s Copernicus Land Monitoring Service (2020), GeoBasis-DE/
(2024), and Memmert and Magdon (2024)
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several decades (Table 2). Such unmanaged forest plots are 
restricted to the Hainich National Park or to forest reserves 
in Schorfheide-Chorin (Schall et al. 2018b). In even-aged 
forests the investigated plots belonged to different devel-
opmental stages, ranging from thickets and pole woods to 
immature and mature timber, as well as thickets with shel-
terwood trees. Uneven-aged forests, managed under the 
principle of single tree selection systems, were only sam-
pled in the Hainich-Dün region, as this management system 
was not found in the other two study areas. As reference 
sites, we selected open land plots (n = 50) that were closest 
to the individual forest plots (Fig. 1). In Swabian Alb, the 
forest and adjacent open land plots were between 0.16 and 
3.15 km apart; in Hainich-Dün, 0.84 and 11.94 km; and in 
Schorfheide-Chorin, 0.78 and 14.38 km (Table S1).

Microclimate data

On each of the studied forest and open land plots, air tem-
perature at 2  m above ground was measured by a single 
sensor in 10-minute intervals and was then aggregated to 
hourly temperature data (MELA KPC 1/5-ME temperature 
sensor, MELA Sensortechnik GmbH, Germany; Wöllauer et 
al. 2023). The sensor was protected by a compact weather 
and radiation shield, measuring 12  cm  ×  27.5  cm (Adolf 
Thies GmbH & Co. KG, Germany). Data gaps of one value 
were filled by the mean of the previous and subsequent val-
ues. Bigger data gaps were filled with a linear regression-
based imputation approach using data from adjacent loggers 
(Table S2, S3, Wöllauer et al. 2021, 2023).

To compare the temperature of the forest plot and the 
adjacent open land plot, we had to correct the difference in 
elevation between the two plots, as it is well known that 
air temperature decreases with increasing elevation (Häckel 

2021). Often, the forest plot was located at a higher ele-
vation than the adjacent open land plot (Nieschulze and 
Ostrowski 2023). To adapt the temperature of the open land 
plot to the elevation of the forest plot, we first calculated the 
difference between the two plots and assumed then an adia-
batic temperature decrease of 0.65 °C per 100 m increase in 
elevation (Häckel 2021).

In the next step, we calculated mean diurnal tempera-
ture ranges (DTR) for each forest plot and the adjacent 
open land plot, i.e., the difference between the daily maxi-
mum and minimum of the hourly air temperatures, for 
a period of 92 days from June to August 2009 to 2019 (a 
time series of eleven years). We focused on these months 
because the microclimate in deciduous forests (in our case 
European beech and pedunculate oak) is different and more 
pronounced under leaf-on conditions (Gril et al. 2023b). 
Additionally, we assumed that changes caused by harvest-
ing would be more pronounced during the leaf-on period. 
We then calculated the long-term mean DTR by averaging 
the DTR of the individual years for the investigation period 
from 2009 to 2019. DTR anomalies (DTRa) were calculated 
as the difference between the DTR of a given year and long-
term DTR averaged from 2009 to 2019. A negative DTRa 
means the DTR of the given year was lower than the long-
term average, while a positive DTRa means the DTR of the 
given year was higher than the long-term average.

In addition, we averaged the daily maximum tempera-
tures (Tmax) of all forest and the adjacent open land plots 
over the period of three months (June to August) for the 
years 2009 to 2019. We then calculated Tmax offsets as the 
difference between the mean Tmax of forest and adjacent open 
land plots. Thus, negative offsets indicate lower maximum 
temperatures, and positive offsets indicate higher tempera-
tures inside forests compared to open land. Subsequently, 

Table 2  Forest management systems and developmental stages of all 149 forest plots in the three study areas
Study area Forest management systems Developmental stage Number of for-

est plots
Number of forest plots harvested between 
2009 and 2019

Swabian Alb EA Thicket 9 ∑50 7 ∑41
Pole wood 6 4
Immature timber 18 17
Mature timber 17 13

Hainich-Dün EA Thicket 5 ∑23 0 ∑13
Pole wood 4 2
Immature timber 6 5
Mature timber 8 6

UEA Mature timber 13 10
UNM Mature timber 13 0

Schorfheide-Chorin EA Pole wood 4 ∑43 2 ∑39
Immature timber 11 9
Mature timber 28 28

UNM Mature timber 7 0
∑149 ∑103

EA,  Even-aged; UEA,  Uneven-aged; UNM, Unmanaged



1 3

Page 5 of 12     34 European Journal of Forest Research          (2026) 145:34 

we calculated the long-term mean Tmax offset by averaging 
the Tmax offsets of the individual years for the investigation 
from 2009 to 2019. Finally, Tmax offset anomalies were cal-
culated as the difference between the Tmax offset for a given 
year and the long-term mean Tmax offset averaged from 
2009 to 2019.

Daily precipitation for the period between June and 
August of the years 2009 to 2019 was interpolated from 
daily station data provided by the German Weather Service, 
using the software environment R version 4.2.1 (R Core 
Team 2022) and following the procedure outlined in Köhler 
et al. (2015). The number of nearest observations used in 
the model was set to 30. In cases of failure, alternative var-
iogram models were tested, the number of nearest observa-
tions was increased to 40, and the nugget was set as a free 
parameter. Variogram fitting and kriging were conducted 
using the “autoKrige” and “autofitVariogram” functions 
from the package automap version 1.0–14 (Hiemstra et al. 
2009). Resulting daily precipitation was then summed for 
each plot and year (June to August).

Harvest data

We used forest inventory data from 2008 to 2011 and 2014 to 
2016 (see supplementary material for further details) to calcu-
late the plot-level basal area (m2/ha), i.e., the sum of the cross-
sectional surface areas measured at breast height (1.3 m) of all 
trees in a plot, the basal area growth (m2/ha/a), and the har-
vested basal area (m²/ha/a) of the 1 ha-sized plots (Bettinger et 
al. 2017; Schall et al. 2017; Ammer and Schall 2019; Memmert 
and Magdon 2024). Both the basal area of timber extracted 
from the plots and the basal area of timber remaining in the 
plots were taken into account, irrespective of the cause of mor-
tality (from cutting or natural mortality). For more information, 
see also Schall et al. (2018b).

In order to test for effects of forest management on forest 
microclimate, we calculated how much basal area was har-
vested in the year in relation to absolute plot-level basal area 
(relatively harvested basal area (%)), we used the following 
formula:

Basal area (BA)harvest = (BAn − BAn−1) /BAn−1� (1)

In all analyses, we used the harvested basal area one year 
before the year for which we aimed to predict the DTRa.

The distribution of the harvesting across the forest plots 
depended on the type of management intervention (thinning 
vs. harvesting of mature trees). Thinning usually takes place 
in the form of thinning from above, and harvested trees 
are rather evenly distributed across the plot. Harvesting of 
mature trees, especially under uneven-aged management, is 
rather unevenly distributed across the plot.

Statistics

All statistical analyses were done using the software envi-
ronment R version 4.3.1 (R Core Team 2023). To test for the 
effect of forest management on DTRa for given weather con-
ditions as well as stand structural and topographic variables, 
we worked only with the subset of managed forest plots that 
were harvested at least once during the study period (2009 to 
2019; ALB: n = 41, HAI: n = 23, SCH: n = 39). We applied a 
linear mixed-effects model, which was fitted with the “lmer” 
function from the lme4 package version 1.1.35.1 (Bates et al. 
2015). As fixed continuous predictors, we included DTRa in 
the open land, precipitation, basal area, harvested basal area, 
and elevation above sea level. In order to obtain separate 
intercept and slope parameters for the three study areas, we 
fitted the model without an overall intercept. As a random 
effect, we included the plot ID. All predictor variables were 
scaled in order to ensure the comparability of the variables. 
Using “r.squaredGLMM” from the package MuMIn version 
1.47.5 (Bartoń 2023), we calculated the marginal and con-
ditional R2, which represent the variance explained by the 
fixed effects and both fixed and random effects. To further 
split up the component explained by the fixed effects and 
test how much variance the individual variables explain, 
we used the R package partR2 version 0.9.2 (Stoffel et al. 
2021). Here, we used a model with an overall intercept but 
identical to the original model in all other aspects, because 
variance decomposition in partR2 is not implemented for 
models without intercept. The contribution of each predic-
tor to the explained variance is analogous in both ways of 
specifying the model. To ensure a better understanding and 
easier comparison, the sum of the variance explained by the 
five predictors was set to 100% (interpretable as percent of 
the marginal R2) for each study area. We further calculated 
the model using DTR forest as the response variable and 
DTR open land as a predictor rather than using DTRa. All 
other predictors remained the same.

Moreover, we tested management impacts by a categorical 
comparison of management intervention (ALB: n = 41, HAI: 
n = 23, SCH: n = 39) and no management intervention (ALB: 
n = 9, HAI: n = 26, SCH: n = 11) between 2009 and 2019 to 
investigate whether recently managed forests are characterized 
by more pronounced anomalies than forests that have not been 
harvested for a period of at least eleven years. We tested for 
differences for each year separately using the Wilcoxon rank 
sum test after testing for normal distribution using the Shapiro-
Wilk test. For all statistical tests, we used a significance level of 
p < 0.05. As supporting analyses, we calculated the difference 
between average DTR in each forest plot and its adjacent open 
land plot for all years and visually assessed the anomalies of 
average DTR in forest and open land plots as well as anomalies 
of Tmax offsets throughout the years.
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Results

Our model indicated that the harvested basal area had a sig-
nificant but only weak effect on within forest DTRa in Swa-
bian Alb, but not in Hainich-Dün or Schorfheide-Chorin. We 
found significant correlations between the stand basal area 
and the DTRa in the forests of Swabian Alb and Hainich-
Dün. The DTRa in the open land had, of all predictors, by 
far the strongest relationship with the DTRa in the forests. 
The relationship was positive and highly significant for all 
study areas. In Swabian Alb and Hainich-Dün, the DTRa 
in the forests became significantly smaller with increasing 
precipitation. Elevation only affected the DTRa in Hainich-
Dün (Figs. 2 and 3; Table 3).

The model that used DTR instead of DTRa produced 
similar results. However, elevation had a significant 
effect on within forest DTR in Swabian Alb instead of 
Hainich-Dün (Fig. S1, Table S4).

Overall, our model explained 73.35% of the variance in 
DTRa. The variance explained by the fixed effects was 72.48%. 
In all study areas, the most explained variance was attributable 
to temperature anomalies outside the forests and precipita-
tion (at least a combined 95.60%), while harvested basal area 
explained always less than 2.03% (Fig. 4).

Furthermore, we only found significant differences in 
DTRa between forests with and without management interven-
tion during the eleven-year investigation period in two (ALB, 
Fig. 5A; SCH, Fig. 5C) and four (HAI, Fig. 5B) years. Over-
all, the DTRa differed significantly in seven different years. 
No trend was recognizable. However, forests with at least one 
intervention between 2009 and 2019 mostly showed a wider 
DTRa than those without harvesting for at least eleven years; 
specifically, the DTRa were both more positive and more nega-
tive (Fig. 5).

Variation in DTR was mostly driven by variation in daily 
maximum temperatures (Fig. S2). For 98% of the plots, DTR 
within forests was smaller than in the corresponding open land 
plot, with the average differences between forest and open land 
DTR being between 1 and 4 °C for each region and year and 
showing no temporal trends (Fig. S3). The DTRa of both forest 
and open land plots ranged between − 2.83 and 3.23 °C, with 
the majority of observations (98.87%) falling within the range 
of ± 2 °C. Hereby, both forest and open land DTRa oscillated 
on average almost identically between the years (Fig. S4). The 
Tmax offset anomalies ranged between − 7.66 and 4.67 °C, with 
the majority of observations (98.41%) also falling within the 
range of ± 2 °C (Fig. S5). Compared to the DTRa in forest and 
open land plots, the Tmax offset anomalies showed less varia-
tion across the years (Figs. S4, S5).

Discussion

We found only weak evidence for an effect of forest manage-
ment on the inter-annual variability of forest microclimate, as 
suggested by our proxies DTR and DTRa. Our analyses sug-
gest that the inter-annual variability in the diurnal tempera-
ture is predominantly mediated by inter-annual differences in 
weather conditions. We found a significant effect of harvested 
basal area on the DTRa in one of the three study areas (Swa-
bian Alb). However, the effect size and explanative power were 
very low in comparison with weather variables. The standing 
basal area showed to have a stabilizing effect on DTRa in Swa-
bian Alb and Hainich-Dün, with lower inter-annual variation in 
forest plots with high basal area. Here, it should be noted that a 
similar basal area can apply to very different forest structures. 
However, a higher basal area implies a higher stand density, 
which in turn shields more incoming solar radiation and cools 
the air by transpiration, leading to lower understory maximum 
temperatures (Latimer and Zuckerberg 2017; Greiser et al. 
2018; De Frenne et al. 2021). Current management approaches 
in temperate European forests promote structural heteroge-
neity and are characterized by the avoidance of clear-cuts in 
favor of low- to medium-intensity management interventions 
while maintaining a closed canopy cover (Pommerening and 
Murphy 2004; Puettmann et al. 2015). Therefore, the harvested 
basal area under current silvicultural management practices 
is probably too small in relation to the standing basal area to 
significantly alter forest microclimate anomalies more than the 
inter-annual weather fluctuations. Still, it is very likely that man-
agement interventions – even if they are low intensity—affect 
the plot-level heterogeneity of forest microclimate (Pierick et 
al. 2025). Due to the fact that our forest plots were equipped 
with only one temperature sensor, we were probably not able to 
detect such small-scale changes in forest microclimate.

These model results were confirmed by the categorical com-
parison between forest plots with and without management 
intervention during the investigation period. Management 
interventions did not result in significantly larger anomalies 
compared to no interventions for the largest parts of the inves-
tigated period. For years with significant differences in DTRa 
between forest plots with and without management interven-
tions, there was no directional pattern detectable; i.e., that 
either forest plots with or without management intervention 
showed a systematically larger (or smaller) anomaly. The fact 
that management interventions do not result in systematically 
larger (or smaller) anomalies suggests that differences in DTRa 
between forest plots with and without management interven-
tions are driven by factors other than management. Still, stron-
ger management interventions, resulting in larger canopy gaps, 
potentially lead to increased diurnal variations of air tempera-
ture due to higher canopy openness and may thereby influence 
the inter-annual variability of forest microclimates and trigger 
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Fig. 2  Partial residual plots of a generalized mixed-effects model 
predicting mean diurnal temperature range anomalies (DTRa, °C) in 
summer (June to August) for managed forest plots in response to A 
harvested basal area (%), B basal area (m2/ha), C mean DTRa (°C) 
in summer for open land plots, D precipitation (mm), and E elevation 

above sea level (m). Orange points represent forest plots in Swabian 
Alb (ALB, n = 41), grey points represent forest plots in Hainich-Dün 
(HAI, n = 23), and blue points represent forest plots in Schorfheide-
Chorin (SCH, n = 39). Lines indicate significant relationships (p < 0.05) 
with 95% confidence intervals (shaded envelopes)
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forest microclimate anomalies (Ehbrecht et al. 2019). Why 
forest plots with no management interventions in some cases 
show larger DTRa than forest plots with management inter-
ventions remains to be investigated. We hypothesize that other 
factors we were not able to consider in our analyses, such as 

natural disturbances leading to individual tree falls or tree mor-
tality, could play a role here. Since such analyses are beyond 
the scope of this study, we suggest to investigate the relevance 
of these factors in future studies.

Our model revealed that the inter-annual variability of forest 
temperatures is predominantly driven by temperature anoma-
lies outside the forests and precipitation. The effect of precipi-
tation on DTRa was stronger in Hainich-Dün than in Swabian 
Alb but not detectable in the Schorfheide-Chorin, which is 
characterized by a drier climate (Fischer et al. 2010; Schall et 
al. 2018b). As precipitation increases soil moisture (Tuttle and 
Salvucci 2016), this in turn may result in higher evaporation 
during hot and dry days, which could buffer maximum under-
story temperatures and thus cause a narrower DTR (Hagemann 
and Stacke 2015; Davis et al. 2019; Greiser et al. 2024). Since 
the frequency and intensity of droughts and heatwaves have 
been increasing and will likely increase in the future (IPCC 
2023), the resulting limited availability of soil water might thus 
negatively affect the buffering of maximum temperatures (De 
Frenne et al. 2021).

Our findings suggest that climate change-related 
weather extremes will most likely result in microclimate 
extremes even within closed-canopy forests. While the 
finding that DTR in the forests were almost always nar-
rower than DTR in the open land (Fig. S3) confirms that 

Table 3  Results from a generalized mixed-effects model predicting mean diurnal temperature range anomalies (DTRa, °C) in summer (June to 
August) for managed forest plots in response to harvested basal area (%), basal area (m2/ha), mean DTRa (°C) in summer for open land plots, 
precipitation (mm), and elevation above sea level (m)
Study area Parameters Estimate Standard 

error
Degrees of 
freedom

t-value p-value

Swabian Alb Intercept 0.037 0.030 92.949 1.239 0.219
Harvested 
basal area

0.109 0.025 1080.470 4.387 < 0.001

Basal area − 0.117 0.030 87.451 − 4.058 < 0.001
DTR anomaly open land 0.710 0.030 1048.861 23.781 < 0.001
Precipitation − 0.119 0.030 1038.035 − 3.982 < 0.001
Elevation − 0.054 0.030 79.853 − 1.845 0.069

Hainich-Dün Intercept 0.009 0.040 89.728 0.226 0.822
Harvested 
basal area

0.030 0.033 1076.299 0.876 0.381

Basal area − 0.153 0.038 99.861 − 4.004 < 0.001
DTR anomaly open land 0.661 0.044 1025.502 15.033 < 0.001
Precipitation − 0.250 0.044 1030.114 − 5.629 < 0.001
Elevation 0.093 0.039 79.538 2.412 0.018

Schorfheide-Chorin Intercept 0.017 0.031 93.270 0.571 0.569
Harvested 
basal area

0.049 0.025 1105.147 1.932 0.054

Basal area − 0.056 0.029 124.350 − 1.967 0.051
DTR anomaly open land 0.890 0.043 1054.517 20.672 < 0.001
Precipitation − 0.007 0.043 1048.686 − 0.173 0.862
Elevation − 0.002 0.030 78.912 − 0.072 0.943

Overall Plot.id 0.094
Residual 0.518

The predictor variables were scaled so that their coefficients can be compared. Significant coefficients (p < 0.05) are highlighted

Fig. 3  Coefficient plot of a generalized mixed-effects model predict-
ing mean diurnal temperature range anomalies (DTRa, °C) in sum-
mer (June to August) for managed forest plots in response to harvested 
basal area (%), basal area (m2/ha), mean DTRa (°C) in summer for 
open land plots, precipitation (mm), and elevation above sea level 
(m). The Swabian Alb region (ALB, n = 41) is shown in orange, the 
Hainich-Dün region (HAI, n = 23) in grey, and the Schorfheide-Chorin 
region (SCH, n = 39) in blue. Shown are the estimated slope coeffi-
cients with 95% confidence intervals
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Fig. 5  Mean anomaly of diurnal temperature range (DTRa, °C) in sum-
mer (June to August) for forest plots in which at least on interven-
tion took place between 2009 and 2019 (management intervention) 
and forest plots that have not been harvested for a period of at least 
eleven years (no management intervention) in A Swabian Alb (ALB), 
B Hainich-Dün (HAI), and C Schorfheide-Chorin (SCH). The forest 

plots with management intervention (ALB: n = 41, HAI: n = 23, SCH: 
n = 39) are shown in darker colours than the forest plots without man-
agement intervention (ALB: n = 9, HAI: n = 26, SCH: n = 11). Signifi-
cant differences of within-year pairwise comparisons are indicated by 
asterisks (p < 0.05)

 

Fig. 4  Explained variance in a generalized mixed-effects model pre-
dicting mean diurnal temperature range anomalies (DTRa, °C) in sum-
mer (June to August) for managed forest plots in response to harvested 
basal area (%), basal area (m2/ha), mean DTRa (°C) in summer for 
open land plots, precipitation (mm), and elevation above sea level 

(m). A Proportions of variance explained by fixed (marginal R2) and 
random (conditional R2–marginal R2) effects. B Variance decomposi-
tion of the fixed effect component into relative contributions of the 
predictors
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daily temperature oscillations are buffered within forests 
compared to open land (e.g., Suggitt et al. 2011), yearly 
anomalies of average DTR in forest and open land were 
almost identical, both in terms of timing and magnitude 
(Fig. S4). In this line, we also did not observe substantial 
interannual variations in temperature offsets (Fig. S5). 
Since variation in DTR was in our case mostly driven by 
variation in daily maximum temperatures (Fig. S2), this 
means that during heatwaves in summer, forest organisms 
in sub-canopy layers are subjected to maximum tempera-
tures that are still lower than outside forest temperatures 
but quite different from long-term means. In other words, 
diurnal variation of temperature inside forests is buff-
ered, but inter-annual variation is not. Thus, forest-dwell-
ing species are also exposed to changing environmental 
conditions to which they may no longer be adapted, so 
that their performance, distribution, and survival could 
be affected (Bellard et al. 2012). It has been shown that 
species already shift their elevational or spatial distribu-
tion following their species-specific niches in response 
to changes in the spatial gradient of forest microclimates 
(Melin et al. 2014; Scheffers et al. 2014; Frey et al. 2016). 
Overall, species differ in their ability to track and respond 
to environmental changes, which can be attributed to dif-
ferences in ecology, physiology, behavior, life history, 
and plasticity (Bellard et al. 2012; Sexton et al. 2017; 
Couet et al. 2022). Some species might decline or be 
threatened by extinction in the future, while others may 
benefit and expand their ranges (Thomas et al. 2004). 
But any general prognosis about the continued existence 
of species diversity in times of global warming hardly 
seems possible (Habel et al. 2023).

In conclusion, this study provides comprehensive evidence 
that microclimate anomalies are predominantly driven by 
weather anomalies rather than forest management. Low- to 
medium-intensity management interventions do not counteract 
the maintenance of forest microclimates, but neither can they 
induce unlimited buffering, as annual temperature anomalies 
have a strong influence on forest microclimates. Thus, climate 
change-related weather extremes will almost certainly lead to 
microclimate extremes with unknown impacts on forest biodi-
versity and ecosystem functioning.
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