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ABSTRACT

The microclimate temperature within forests can substantially deviate from measurements outside forests. Yet, the amount and
direction of this buffering strongly depend on meteorological conditions outside forests, such as free-air temperature, wind speed,
soil moisture, precipitation and solar radiation. Most studies on microclimate buffering focus on long-term averages at coarse
temporal resolution (e.g., monthly to seasonal), potentially overlooking the impact of daily fluctuations, which are nonetheless
critical for many forest species and processes. Here, we linked in situ measured air and soil temperatures, at the daily resolution
over a period of more than 5years across 45 European deciduous forests spanning a 2300-km latitudinal gradient, to daily var-
iation in weather conditions (i.e., free-air temperature, precipitation, wind speed, soil moisture, solar radiation, day length and
snow cover). We assessed the interactive effects of weather conditions and forest structural complexity (plant area index) and dis-
tance to the forest edge on air and soil temperature offsets. Temperature offsets are the difference between understory air or soil
temperature and macroclimate reference conditions measured at weather stations in the open field. We show that relative effect
sizes of free-air temperature prevailed over the effects of other weather variables to determine air and soil temperature buffering.
In general, higher free-air temperatures, soil moisture, wind speed and snow cover led to more negative air and soil temperature
offsets, with variations depending on forest structural complexity and season. Conversely, slightly increased air and soil temper-
ature offsets were found as precipitation and solar radiation increased. Our study highlights the dominant role of daily free-air
temperature fluctuations outside forests in shaping microclimatic buffering. We emphasize complex interaction paths between
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daily weather conditions, and forest structure and edge effects, offering valuable insights for next-generation microclimate mod-

els and enhancing our understanding of forest ecosystem responses to environmental change that account for microclimate.

1 | Introduction

Trees are ecosystem engineers modulating the climatic condi-
tions experienced by forest biota and affecting forest ecosys-
tem functioning (De Frenne et al. 2019; Beugnon et al. 2024).
In forests, tree canopies can significantly reduce levels of direct
solar radiation and wind speed, resulting in understory micro-
climatic conditions that are buffered from the extreme fluctua-
tions of free-air temperatures as measured by weather stations
(Geiger et al. 2009; Zellweger et al. 2019; De Frenne et al. 2021).
Microclimate influences the survival, growth, and dispersal of
forest organisms as well as key ecosystem processes like rates
of litter decomposition, carbon sequestration, microbial activ-
ity and nutrient cycling (Riutta et al. 2012; Sanczuk et al. 2023;
Vanneste et al. 2024; Wei et al. 2024).

Microclimate temperature and its offset—that is, the difference be-
tween micro- and macroclimate temperature—are influenced by
weather conditions, at both coarse and fine temporal resolutions,
including free-air temperature, precipitation, wind, soil moisture,
solar radiation and snow cover (Von Arx et al. 2013; De Frenne
et al. 2019; Zellweger et al. 2019). The temperature offset in forests
is negatively correlated with free-air temperature outside forests
during the growing season, and this offset is magnified as free-air
temperatures become more extreme (De Frenne et al. 2019). The
ability of forest canopies to buffer temperature extremes also de-
creased in areas where changes in precipitation regimes lead to de-
creased water availability and higher climatic water deficit (Davis
et al. 2019). Solar radiation also shapes microclimate conditions,
as increased incoming radiation elevates surface temperatures
and can further reduce the effectiveness of canopy shading when
drought stress leads to early leaf senescence or canopy dieback (De
Frenne et al. 2021; Zellweger et al. 2024). While wind patterns af-
fect the heat fluxes and evaporation rates, lower wind speeds are
probably associated with more buffering due to decreased air mix-
ing (Chen et al. 1993; Ashcroft and Gollan 2013). Snow cover, with
its low thermal conductivity and high albedo, strongly impacts the
soil thermal regime and microclimate by decoupling near-ground
temperature from above-snow temperature (Zhang et al. 2008;
Aalto et al. 2022). Decreased snow cover at high latitudes and
elevations, for instance, leads to colder soils and deeper soil frost
(Hardy et al. 2001; Decker et al. 2003).

The effects of weather conditions on forest microclimates may also
be modified—either strengthened, weakened, or even reversed—
by stand characteristics shaped by forest disturbances and edge
effects. Forest structure, tree species composition and canopy
density, along with distance from the forest edge, play crucial roles
in shaping and modifying microclimatic conditions (Zellweger
et al. 2019; Meeussen et al. 2021; Diaz-Calafat et al. 2023). Forests
with greater structural complexity, characterized by denser can-
opies, greater vertical layering, and higher biomass, enhance
temperature buffering by promoting evapotranspiration and en-
ergy dissipation (e.g., Frey et al. 2016; Kovacs et al. 2020; Menge
et al. 2023). For example, higher canopy cover and a multi-layered
canopy in summer increase the cooling effect on temperatures,

leading to more stable temperatures in forest interiors (Greiser
et al. 2018; Jucker et al. 2018; De Frenne et al. 2019). In contrast,
management practices that simplify structure, such as clear-
felling, diminish these cooling effects and lead to warmer micro-
climates (Kovdcs et al. 2020; Menge et al. 2023). Distance to the
forest edge can also directly influence microclimate buffering by
increasing exposure to solar radiation, wind, and atmospheric
mixing near the forest boundary, as well as reducing nighttime
insulation (Matlack 1993; Davies-Colley et al. 2000; Schmidt
et al. 2017; Meeussen et al. 2021). While such abiotic influences
can act independently of forest composition or canopy traits, in-
direct effects linked to changes in structural complexity along the
edge-to-interior gradient may also contribute (Harper et al. 2005;
Meeussen et al. 2020). Moreover, the combined effects of external
weather conditions and internal forest characteristics vary across
seasons, with the most obvious differences occurring between
the leaf-on and leaf-off seasons in deciduous forests (Zellweger
et al. 2019; Gril et al. 2023). In summer, the canopy provides shade
and deciduous trees transpire vast amounts of water, while sub-
canopy and understory layers further enhance moisture retention,
thus reducing light and temperature levels and increasing relative
air humidity from open to dense forests (Von Arx et al. 2013; De
Frenne et al. 2019). In winter, the absence of foliage in deciduous
forests stops transpiration and allows more solar radiation to reach
the forest floor, as well as higher wind speeds and more intensive
air mixing in forest interiors compared to the leaf-on period, thus
altering temperature and humidity patterns.

Most studies focus on temperature offsets aggregated at the
monthly, seasonal, or even annual resolution, thereby overlook-
ing signals brought about by weather conditions that vary from
day to day (Bramer et al. 2018; Greiser et al. 2018; Diaz-Calafat
et al. 2023). Studies investigating microclimatic fluctuations at
finer temporal resolutions are necessary to capture daily vari-
ations or extremes (John et al. 2024; Zellweger et al. 2024).
With climate change bringing longer and more frequent and
intense extreme temperatures and precipitation patterns (IPCC
2021), it is uncertain if forest microclimates can still buf-
fer those extremes and serve as long-term refugia for species
(Lenoir et al. 2017; De Frenne et al. 2021; Richard et al. 2021).
Developing the next generation of microclimate models requires
high-resolution daily data to better understand the climatic and
biotic drivers shaping forest microclimates and their role in sus-
taining biodiversity and ecosystem functioning under climate
change (Frey et al. 2016; De Frenne et al. 2021; Hes et al. 2024).

Long-term in situ measurements of local temperatures are es-
sential for understanding the full range of spatial and temporal
variability in daily forest microclimates and their determinants,
and for accurately assessing their impact on forest ecosystems
over time (De Frenne et al. 2021, 2025). Here we analyzed air
and soil temperature offsets at a daily resolution for 219 plots
installed along a latitudinal gradient from central Norway to
the Mediterranean region and spanning a period of more than
Syears. Although our data were collected at hourly resolution,
we focused our analysis at the daily scale, as this is standard
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in meteorology and to address the current lack of systematic
studies examining multiple weather and temperature vari-
ables across large spatial extents at this temporal resolution.
Aggregating to daily values also reduces noise from transient
fluctuations in hourly measurements, resulting in more reliable
and representative data. Temperature data loggers were posi-
tioned in a standardized design along gradients of forest den-
sity and an edge-to-interior gradient in 45 European deciduous
forests, primarily dominated by oaks (Quercus sp.) and beech
(Fagus sylvatica). By including eight weather variables present-
ing daily weather conditions outside the forest (i.e., daily free-air
temperature and its range, solar radiation, precipitation, wind
speed, soil moisture, day length and snow cover), our study fo-
cused on two key questions:

1. How do weather conditions and their interactions with
forest structure and edge distance influence temperature
offsets at a daily temporal resolution, a higher temporal
resolution than typically studied?

2. Do the effects of weather variables differ between the sum-
mer and winter season?

2 | Material and Methods
2.1 | Study Area and Experimental Design

This study was carried out in nine regions spanning a 2300-km
long latitudinal gradient across Europe (from north to south):
Norway, central and southern Sweden, Germany, Poland,
Belgium, France, Switzerland and Italy (Figure 1). The studied
latitudinal gradient spans a large variation in mean annual tem-
perature (MAT) of >10°C and annual precipitation variation of
700mm (data retrieved from the CHELSA database for the period
1979-2013 at a spatial resolution of ~1 km?; Karger et al. 2017). In
three of these regions (Italy, Belgium and Norway), an additional
elevational gradient was established; forests were selected at low
(21-200m above sea level), intermediate (201-600ma.s.l.), and
high (601-908 ma.s.1.) elevations, corresponding to a smaller mac-
roclimate gradient of 1.5°C-4°C MAT. The inclusion of sites across
different elevations aimed to broaden environmental coverage
within regions and enhance the generality and robustness of our
findings. In the other six regions, only one forest per region was
selected, with elevations between 7.5 and 451 m above sea level. We
focused on deciduous forests dominated by oaks (Quercus sp.) and
beech (Fagus sylvatica), with Betula pubescens, Populus tremula,
Ulmus glabra, Alnus incana and Carpinus betulus as other (sub)
dominant tree species (Govaert et al. 2020).

In each region, three types of forest stand structures represent-
ing different management intensities and vertical complexities,
in terms of vegetation layering and canopy opening, were se-
lected. The first type of forest stands was “dense forests”, which
were not thinned for at least 10-30years before the installation
of the temperature loggers. These forests had a well-developed
understory shrub layer and a complex vertical structure leading
to low canopy openness (5.8%+0.6% SD) and high basal area
(mean and standard error of 28.8 +1.5m?/ha). The second type
of forest stand was classified as ‘intermediate forests’, corre-
sponding to forests that were regularly thinned with the most
recent thinning event happening 5-10years prior to sampling.

The shrub layer of this forest type was sparser and the vertical
structure less complex (canopy openness of 6.5% +0.6% SD and
mean basal area of 31.4+1.9 SD m?/ha) than the dense forests.
The third type was ‘open forests’, without any understory shrub
layer and without a subdominant tree layer as they were inten-
sively thinned one or up to 4years before sampling, leading to
very simple vertical structures. Where possible, these forests
were selected based on a high canopy openness (30%-50%)
and low basal area (<10-15m? per ha). Further details on the
study design, stand structure and site selection can be found in
Govaert et al. (2020).

In each of the three forest stand types, a 100-m edge-to-interior
transect was established perpendicular to a south-facing forest
edge to ensure comparability since edge orientation can con-
siderably affect forest microclimate (Matlack 1993; Honnay
et al. 2002; Orczewska and Glista 2005). Along each edge-to-
interior transect, five plots were established with their plot
centers at an exponentially increasing distance from the forest
edge, namely at 1.5, 4.5, 12.5, 35.5 and 99.5m from the edge,
as the strongest changes in microclimatic conditions were ex-
pected to occur near the forest edge (Matlack 1993; Young and
Mitchell 1994; Davies-Colley et al. 2000; Meeussen et al. 2021).
Thus, in total 45 forest edge-to-interior transects were estab-
lished and sampled ((6 lowland regions +9 from 3 regions with
elevation gradients) x 3 forest types), totaling 225 plots (45 forest
edges X 5 plots per edge-to-interior transect).

2.2 | Data Collection and Calculation
2.2.1 | In-Situ Microclimate Temperatures

We measured hourly air and soil temperatures over more than
5years, from January 2018 to October 2023 (data contributed to
the SoilTemp database; Lembrechts et al. 2020). We extracted
data from March 2, 2018, to June 4, 2023 (1921 days), covering
the period when all regions were actively recording. Both air
and soil temperatures were recorded using Lascar temperature
loggers (EasyLog EL-USB-1, accuracy: +0.5°C). Air tempera-
ture loggers were installed at a height of 1m above the forest
floor. The sensors were attached to the north side of a wooden
pole placed at the center of each plot and protected by plastic
white radiation shields to prevent direct solar radiation on the
sensors. Soil temperature loggers were buried horizontally in
protective plastic tubes at a depth of 5cm and positioned 5cm
away from the wooden poles.

2.2.2 | Weather Data

We extracted hourly weather data from the ERA5-Land database
(Murtioz-Sabater et al. 2021) for the same period and locations
as the temperature logger measurements, at a spatial resolu-
tion of 0.1x0.1 degrees (native resolution of 9x9km near the
equator) [EPSG:4326]. Note that plots within the same transect
most often share the same ERA5-Land data due to the coarser
spatial resolution of the ERA5-Land database (9x9km). The
ERA5-Land data provide interpolated free-air temperatures at
a 2-m height, precipitation regimes (m), eastward (u, ms™1) and
northward (v, ms™') components of the horizontal 10-m wind,
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FIGURE 1 | (a) Overview of the study design with macroclimatic gradients and forest structural gradients (management and distance to the
edge). Left: The nine study regions (Central Italy, Northern Switzerland, Northern France, Belgium, Southern Poland, Northern Germany, Southern
Sweden, Central Sweden, and Central Norway) along a latitudinal gradient. The background shows the 2010 tree cover map from https://www.globa
Iforestwatch.org/map. Middle: The three forest structure types. Right: An example of a 100 m-long edge-to-interior gradient, where the forest edge is
defined as the outermost line of tree trunks bordering the non-forested matrix. The forest interior refers to areas not influenced by edge effects, where

abiotic and biotic conditions remain relatively homogeneous. (b) An example figure showing daily air and soil temperature offsets for the Belgium

region during the summer of 2021. The figure demonstrates that the plot located in the interior of the forest and with a high plant area index has a

stronger buffering of air and soil microclimate compared to those close to the forest edge, with a low plant area index.

soil moisture as volume of water in the 0-7 cm soil layer (m3m~3)
from the ECMWF Integrated Forecasting System, surface solar
radiation (J/m?) as hourly accumulated values and snow cover
(%) represented by the fraction (binary) of the cell/grid box oc-
cupied by snow. Wind speed (ms~!) was calculated based on the
eastward (u) and northward (v) components using the formula:
wind speed =sqrt(u?+v?). Since the solar radiation values from
ERAS5-Land are provided as hourly accumulations (i.e., the total
radiation over each hour), we subtracted the accumulated value
of the previous hour from that of the current hour to obtain the
actual hourly radiation. The resulting hourly net radiation was
then converted to hourly surface solar radiation (SSR, W/m?)
using the formula: SSR (W/m?)=SSR (J/m?)/3600s.

For each plot, we summarized the daily median values of free-
air temperature data, wind speed, soil moisture, snow cover,
precipitation using the ERAS5-Land data. For solar radiation,
we used the daily 0.95 quantile instead of the median, because
the daily median frequently takes a value of zero during winter,
due to very short day lengths especially in northern European
regions. The ERA5-Land daily free-air temperature range was
also calculated using daily maximum temperature value minus
daily minimum temperature value. Day length for each plot was
extracted based on the date and coordinate using the daylength
function from the geosphere R package (Hijmans et al. 2024).

2.2.3 | Forest Structure

Plant area index (PAI) was used to represent forest structural
complexity and canopy density, a metric which is inversely
related to light availability on the forest floor (Meeussen
et al. 2020). In short, PAI is defined as half the surface area of
all aboveground plant components (stems, branches, and leaves)
per unit of horizontal ground surface area. Compared to the
categorical classification (i.e., open, intermediate, and dense),
PAI provides a more precise and quantitative representation of
forest structure. In our models, it was treated as a fixed vari-
able representing the structural attribute for each plot, mean-
ing the same PAI value was used for both summer and winter
analyzes. Although PAI may vary seasonally (e.g., lower values
in winter due to leaf fall), in this study we use it primarily to
compare structural differences across plots rather than to as-
sess seasonal variation. In addition, summer and winter data
are analyzed in separate models to minimize confounding ef-
fects. The reliability of PAI as an indicator of forest structure has
been supported by previous studies (Jucker et al. 2018; Meeussen
et al. 2021; Vanneste et al. 2024). Although PAI does not explic-
itly resolve the vertical stratification and horizontal variability
of forest structure, it serves as a robust and quantitative indi-
cator of overall forest structure, allowing reliable comparisons

of structural complexity among forest types in our study
(Meeussen et al. 2021; Vanneste et al. 2024). We calculated PAI
for each plot by integrating vertically resolved plant area density
profiles (in m?m™3). These profiles were derived from terrestrial
laser scanning conducted from a single position at the center of
each plot, using a RIEGL VZ400 (RIEGL Laser Measurement
Systems GmbH) (Meeussen et al. 2020).

2.2.4 | Temperature Offsets Calculation

We first cleaned our air and soil temperature time series using
a sequential and reproducible protocol. We applied several
criteria to ensure the accuracy and reliability of the recorded
measurements by filtering out extreme temperatures and large
deviations between consecutive readings (see the specific clean-
ing steps in S1 and final data availability for each and region in
Figures S1-S4 in Supporting Information). Finally, 219 and 204
sensors of the original 225 air and 225 soil temperature sensors
were retained, respectively. We calculated the daily temperature
offsets using the daily median values of both microclimate for-
est plot temperature and ERAS5-land free-air temperature data.
Negative daily temperature offset values indicate cooler mi-
croclimate temperatures compared to the free-air temperature
outside forests, and vice versa. We used the daily median values
rather than means to calculate offsets to avoid large influences
of high midday maximum temperatures (e.g., when solar ra-
diation reached the radiation shield, heating up the shield and
the air directly surrounding the logger). Median temperature
values are also less biased than means when daily temperature
distributions are not normal, as they give less weight to outliers.
All subsequent analyzes are carried out at the daily resolution
from March 2018 to June 2023, with a total of 375,871 (summer
vs. winter: 90,634 vs. 87,663) and 305,245 (summer vs. winter:
75,574 vs. 69,001) daily records for air and soil, respectively (Wei
et al. 2025). The mean, SD and range of each predictor and re-
sponse variable are summarized in Table 1.

2.3 | Statistical Analyzes

Pearson correlations between each pair of the eight weather con-
ditions (free-air temperature and its daily range, precipitation,
wind speed, soil moisture, solar radiation, day length and snow
cover) were computed to check for collinearity issues (Figure S5
in Supporting Information). We constructed and ran linear mixed-
effects models (LMMs) to assess the response of daily offset values,
separately for air and soil temperatures, to the two-way interac-
tion between each of the weather condition variables and plant
area index or distance to forest edge. All models contained ‘region/
transectID/plot’ and ‘year/month/date’ as random intercept terms.
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The Ime function from the nlme R package was applied (Pinheiro
et al. 2023). The model was run separately for summer (all data for
the months of June, July, and August) and winter (all data from the
months of December, January, and February), with the variable
snow cover only used to model winter offset values. We focused on
summer and winter because we expect distinct patterns between
the leaf-on and leaf-off periods in these two seasons, while spring
and autumn are transitional and exhibit less stable temperature
dynamics compared to summer and winter. Yet, we also ran the
same model for spring and autumn air temperature offsets as a
reference (Tables S1 and S2 and results in S2). Prior to running
the models, we square root transformed precipitation data and log-
transformed wind speed and distance to edge data. All predictor
variables were scaled to be able to compare their effect sizes. To
account for temporal autocorrelation of microclimate data (Ruel
and Ayres 1999; Koenig and Liebhold 2016), we incorporated
the corAR1(form=~year/month/date) variance structure (Zuur
et al. 2007). The model fit was evaluated by marginal R? (R?m) and
conditional R? (R?c) (Nakagawa and Schielzeth 2013). The model
structures for summer and winter, are shown separately below:

1. The interactive effects of weather variables and plant area
index:

terms specified as random =list(~1ltransectID/plot, ~Ilyear/
month/date) (see Figures S14-S29 and results description in S3
in Supporting Information). Because of very high winter snow
cover in some years (higher than 1 m above the soil surface tem-
porarily covering the air temperature sensor with snow), tem-
perature records in Norway were very different compared to
the other eight regions. Therefore, we also ran analyzes without
Norway (only for air temperature as an example) to check for
the robustness of our findings (see Table S3 and results in S4).
To test the potential effects of shared ERA5_Land weather vari-
ables across several plots on the model results, we retained only
one representative plot per region located in the forest interior
with a complex structure with unique ERA5_Land weather val-
ues, and tested the effects of the studied weather variables on air
temperature offsets (see Table S4 and results in S5).

3 | Results
3.1 | Seasonal Patterns of Temperature Offsets

Our study showed that mean daily temperature offsets were
negative (cooler microclimate temperature than free-air tem-

(free-air temperature + daily range of free-air temperature + precipitation

offset. daily. summer ~ +wind speed +soil moisture + solar radiation + day length)

x plant area index, random = list(~ 1| region/transectID /plot, ~ 1| year/month/date)

(free-air temperature + daily range of free-air temperature + precipitation

offset. daily. winter ~ +wind speed +soil moisture +solar radiation + day length + snow cover)

x plant area index, random =list(~ 1| region/transectID /plot, ~ 1| year/month/date)

2. The interactive effects of weather variables and distance to
forest edge:

(free-air temperature + daily range of free-air temperature + precipitation

offset. daily. summer ~ +wind speed +soil moisture + solar radiation +day length)

x distance to forest edge, random =list(~ 1| region/transectID/plot, ~ 1| year/month /date)

(free-air temperature + daily range of free-air temperature + precipitation

offset. daily. winter ~ +wind speed + soil moisture + solar radiation +day length + snow cover)

x distance to forest edge, random =list(~ 1| region/transectID/plot, ~ 1| year/month/date)

We initially ran the models described above. If a weather variable
showed no significant interaction effect with plant area index or
distance to the edge, we excluded that specific interaction term
from the model. To test whether our model fully considered the
temporal autocorrelation, the autocorrelation function (ACF)
and partial autocorrelation function (PACF) plots for each LMM
model were plotted (Figures S6—S9). We also ran generalized ad-
ditive mixed models (GAMMs) with a similar structure and au-
tocorrelation structure as in the above LMMs, using the gamm
function from the mgev R package (Wood 2017), to further as-
sess temporal autocorrelation (Figures S10-S13).

To explore regional trends, similar model formulas for air tem-
perature offsets as an example were applied separately to each
of the nine regions, with adjustments to the random intercept

perature) in summer and positive (warmer microclimate tem-
perature than free-air temperature) in winter (Table 1). This
pattern was more pronounced for soil temperature offsets than
for air temperature offsets which were close to zero- that is, air:
—0.71°C+2.15°C and soil: —2.34°C+2.74°C in summer and
0.68°C+2.87°C, soil: 1.86°C + 3.48°C in winter.

3.2 | Effects of Weather Conditions, Forest
Structure and Edge Distance on Air Temperature
Offsets

Among the eight weather variables studied, the effects of free-
air temperature prevailed in driving air temperature offsets
(Table 2 and Figure 2). In both summer and winter (Table 2
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and Figure 2), higher free-air temperature, wind speed and soil
moisture led to cooler microclimate temperatures than free-air
temperatures. In summer, the negative effects of wind speed
and soil moisture on air offsets were slightly more pronounced
for forests with lower plant area index (Figure 2). Unlike other
weather variables, precipitation and day length in winter and
solar radiation in summer had a positive effect on air tempera-
ture offsets. Besides, a higher daily range of free-air tempera-
ture resulted in a slightly cooler forest microclimate compared
to free-air temperature in both summer and winter, and these
effects were slightly stronger in forests with high leaf area index.

Regarding the interactive effects of weather variables with dis-
tance to the forest edge (Table 3 and Figure 3), in both sum-
mer and winter, the impacts of all weather variables (except for
precipitation and day length in winter) on air temperature offset
values depended on the distance to the edge. These interactive
effects were statistically significant but small in magnitude,
even for those related to free-air temperature.

3.3 | Effects of Weather Conditions, Forest
Structure and Edge Distance on Soil Temperature
Offsets

As with air temperature offsets, free-air temperature had the
largest effect on soil temperature offsets, while the effects of
other variables were small (Table 2 and Figures 4 and 5).

In both summer and winter (Table 2 and Figure 4), higher free-
air temperature, daily range of free-air temperature, wind speed,
soil moisture led to cooler forest microclimate soil temperature
than free-air temperature, which was similar to those for forest
microclimate air temperature. Yet the magnitude of the effects of
daily range of free-air temperature on soil temperature offsets was
greater than on air temperature offsets. Precipitation and solar
radiation showed positive relationships with soil temperature
offsets in both summer and winter. Soil temperature offsets were
negatively correlated with day length in both summer and winter,
which was in the opposite direction to air temperature offsets. The
interaction effects of all weather variables (except for precipitation
in summer) with plant area index on soil temperature offsets were
often significant (but still of small magnitude). However, these in-
teraction effects did not always show consistent directions as ob-
served for air temperature offsets (Table 2 and Figure 4).

The interaction effects of weather variables with distance to the
forest edge on soil temperature offsets generally mirrored their
interactions with the plant area index (Table 3 and Figure 5),
showing a consistent direction and similar magnitude in both
summer and winter.

4 | Discussion

This study examines temperature buffering at the daily resolu-
tion, focusing on the interplay between weather conditions, for-
est structural complexity and edge effects. By linking weather
conditions to in situ measured below-canopy temperatures, we
offer a comprehensive analysis of how these elements shape
microclimatic dynamics within forests. Understanding these
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TABLE 2 |

Effects of free-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow cover

and plant area index (and their interactions) on air (left) and soil (right) temperature offsets across the 45 studied forests across Europe, for both
summer (top) and winter (bottom) seasons. Results from linear mixed model results with ‘region/transectID/plot’ and ‘year/month/date’ as random
effect terms. R?m = marginal R? value and R?c=conditional R? value.

@ Air temperature offset

=] Soil temperature offset

Relative Relative
effect effect
Season Variable size p R’m R’ Variable size p R’m R%*
Summer Intercept —0.72 <0.001 0.30 0.51 Intercept —2.48 <0.001 0.72 0.79
Free-air -1.16 <0.001 Free-air -2.35 <0.001
temperature temperature
Daily range -0.11 <0.001 Daily range —0.52 <0.001
of free-air of free-air
temperature temperature
Precipitation 0.02 0.105 Precipitation 0.15 <0.001
Wind speed —0.06 <0.001 Wind speed —0.04 <0.001
Soil moisture -0.13 <0.001 Soil moisture -0.19 <0.001
Solar radiation 0.13 <0.001 Solar radiation 0.14 <0.001
Day length 0.01 0.548 Day length —-0.67 <0.001
Plant area index -0.12 <0.001 Plant area index -0.26 <0.001
Daily range —0.01 0.027 Free-air 0.05 <0.001
of free-air temperature X
temperature X Plant area index
Plant area index
Wind speed X 0.02 <0.001 Daily range —-0.05 <0.001
Plant area index of free-air
temperature X
Plant area index
Soil moisture X 0.04 <0.001 Wind speed x —0.02 <0.001
Plant area index Plant area index
Solar radiation x 0.03 <0.001 Soil moisture x 0.05 <0.001
Plant area index Plant area index
Day length x -0.07 <0.001 Solar radiation x 0.03 <0.001
Plant area index Plant area index
Day length X —0.02 0.004
Plant area index
Winter Intercept 0.49 <0.001 043 0.55 Intercept 1.62 <0.001 0.78 0.87
Free-air —1.82 <0.001 Free-air —3.80 <0.001
temperature temperature
Daily range —-0.20 <0.001 Daily range —-0.08 <0.001
of free-air of free-air
temperature temperature
Precipitation 0.15 <0.001 Precipitation 0.04 0.001
Wind speed 0.01 0.445 Wind speed 0.02 0.140
Soil moisture -0.14 <0.001 Soil moisture -0.13 <0.001
Solar radiation 0.01 0.652 Solar radiation 0.16 <0.001
(Continues)
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TABLE 2 | (Continued)

@ Air temperature offset

=7 Soil temperature offset

Relative Relative
effect effect
Season Variable size p R’m R% Variable size p R’m R’
Day length 0.31 <0.001 Day length -0.32 <0.001
Snow cover —0.06 0.055 Snow cover —0.60 <0.001
Plant area index -0.01 <0.001 Plant area index —0.05 <0.001
Free-air —-0.02 0.004 Free-air —-0.02 0.010
temperature X temperature X
Plant area index Plant area index
Daily range —-0.03 <0.001 Daily range —0.02 0.001
of free-air of free-air
temperature X temperature X
Plant area index Plant area index
Precipitationx 0.01 0.031 Precipitation X —0.03 <0.001
Plant area index Plant area index
Soil moisture x —0.02 <0.001 Wind speed X 0.02 <0.001
Plant area index Plant area index
Solar radiation x 0.06 <0.001 Soil moisture x 0.05 <0.001
Plant area index Plant area index
Day length x 0.02 0.007 Solar radiation x —-0.02 <0.001
Plant area index Plant area index
Snow cover X —0.03 <0.001 Day length X 0.02 0.005
Plant area index Plant area index
Snow cover X —-0.04 <0.001
Plant area index
Free-air temperature Daily range of free-air Precipitation Wind speed Soil moisture Solar radiation Day length Snow cover
temperature (°C) (mmsary (1 ’,“,Is,y,l?g), 77777 (m*m?) Jppu— (Vy{rrjzj !orgr) 777777 (h)
§ SO 05 / [ "
E -0.25 04 5
g § -1.00 \ e
qé',' :j N :;: >< 04 S :
E 03 e e N P L -

Weather variables

Plant area index = S

FIGURE2 | Effectsoffree-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow cover
interacted with plant area index on air temperature offset for each region. The lines show the LMMs model predictions with ‘region/transectID/plot’
and ‘year/month/date’ as random effects. The colours of the lines represent the plant area index gradient. The same figure with the raw data added

is shown in Figure S30 in Supporting Information.

weather variables is essential as they regulate energy exchange
within the forest ecosystem- particularly between the forest can-
opy and the ground surface- which in turn influences key water
processes such as evaporation, condensation, and soil moisture
fluctuations (Zhang et al. 2014; Wilson et al. 2020; Seneviratne
et al. 2010). According to over five years of continuous observa-
tions, our findings demonstrate that free-air temperature pre-
vailed over the other weather conditions to determine air and
soil temperature offset values. Air and soil temperature offsets

became more negative (i.e., cooler forest microclimate tempera-
tures) as free-air temperature increased. In general, higher soil
moisture, wind speed, and snow cover also led to more negative
air and soil temperature offsets, whereas increases in precipi-
tation and solar radiation were associated with slightly higher
offsets. Notably, the effects of weather variables were often mod-
ified by forest structural complexity and distance to the forest
edge; however, these influences were inconsistent and differed
between seasons, making generalizations difficult.
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TABLE 3 | Effects of free-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow cover
and distance to forest edge (and their interactions) on air (left) and soil (right) temperature offsets across the 45 studied forests across Europe, for both
summer (top) and winter (bottom) seasons. Results from linear mixed model results with ‘region/transectID/plot’ and ‘year/month/date’ as random
effect terms. R?m =marginal R? value and R?c = conditional R? value.

@ Air temperature offset

=" 1Soil temperature offset

Relative Relative
effect effect
Season Variable size p R’m R’ Variable size P R’m R’c
Summer Intercept -0.71 <0.001 0.31 0.51 Intercept —2.50 <0.001 0.72 0.79
Free-air -1.24 <0.001 Free-air —2.46 <0.001
temperature temperature
Daily range —-0.09 <0.001 Daily range —0.48 <0.001
of free-air of free-air
temperature temperature
Precipitation 0.02 0.099 Precipitation 0.15 <0.001
Wind speed —0.08 <0.001 Wind speed —0.06 <0.001
Soil moisture —-0.13 <0.001 Soil moisture —-0.23 <0.001
Solar radiation 0.13 <0.001 Solar radiation 0.15 <0.001
Day length —-0.01 0.613 Day length —-0.69 <0.001
Distance to edge —0.06 <0.001 Distance to edge —-0.15 <0.001
Free-air 0.01 0.020 Free-air 0.04 <0.001
temperature X temperature X
Distance to edge Distance to edge
Daily range —-0.03 <0.001 Daily range —-0.05 <0.001
of free-air of free-air
temperature X temperature X
Distance to edge Distance to edge
Precipitation X —0.02 <0.001 Wind speed x —0.03 <0.001
Distance to edge Distance to edge
Wind speed X —0.02 <0.001 Soil moisture x 0.06 <0.001
Distance to edge Distance to edge
Soil moisture X 0.04 <0.001 Solar radiation x 0.03 <0.001
Distance to edge Distance to edge
Solar radiation X 0.03 <0.001
Distance to edge
Day length x —0.02 <0.001
Distance to edge
Winter Intercept 0.49 <0.001 0.44 0.55 Intercept 1.64 <0.001 0.78 0.87
Free-air —1.88 <0.001 Free-air -3.80 <0.001
temperature temperature
Daily range -0.19 <0.001 Daily range —0.08 <0.001
of free-air of free-air
temperature temperature
Precipitation 0.15 <0.001 Precipitation 0.05 <0.001
Wind speed 0.01 0.563 Wind speed 0.02 0.189
Soil moisture —-0.14 <0.001 Soil moisture —-0.17 <0.001
(Continues)
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TABLE 3 | (Continued)

’E Air temperature offset

=21 Soil temperature offset

Relative Relative
effect effect
Season Variable size p R’m R’ Variable size p R’m R’
Solar radiation 0.00 0.877 Solar radiation 0.17 <0.001
Day length 0.36 <0.001 Day length -0.32 <0.001
Snow cover —0.05 0.091 Snow cover —0.60 <0.001
Distance to edge 0.01 0.005 Distance to edge —0.08 <0.001
Free-air -0.04 <0.001 Free-air -0.03 <0.001
temperature X temperature X
Distance to edge Distance to edge
Daily range 0.03 <0.001 Daily range —0.01 0.036
of free-air of free-air
temperature X temperature X
Distance to edge Distance to edge
Wind speed X —0.02 <0.001 Precipitation X —0.02 <0.001
Distance to edge Distance to edge
Soil moisture x -0.01 <0.001 Wind speed X 0.02 <0.001
Distance to edge Distance to edge
Solar radiation x 0.01 0.154 Soil moisture X 0.06 <0.001
Distance to edge Distance to edge
Snow cover X —-0.03 <0.001 Solar radiation x —-0.05 <0.001
Distance to edge Distance to edge
Day length x 0.02 <0.001
Distance to edge
Snow cover X 0.01 0.014
Distance to edge
Free-air temperature Daily range of free-air Precipitation Wind speed Soil moisture Solar radiation Day length Snow cover
(°C) temperature (°C) (mm, sqrt) (mls, log) (m*/m?) (W/m?, log) (h) (%)
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FIGURE 3 | Effects of free-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow
cover interacted with distance to forest edge on air temperature offset for each region. Free-air temperature, precipitation, wind speed, soil moisture

and snow cover were extracted from the ERA5-Land database. The lines show the LMM model predictions with ‘region/transectID/plot’ and ‘year/

month/date’ as random effects. The colours of the lines represent the edge distance gradient. The uneven spacing along the distance-to-edge legend

reflects the back-transformed log(distance) value. The same figure with the raw data is shown in Figure S31 in Supporting Information.

4.1 | Seasonal Patterns of Temperature Offsets

Our study in temperate broadleaved forests revealed a seasonal
pattern in daily temperature offsets: mean air and soil tempera-
ture offsets were negative in summer and positive in winter.
Similarly, Meeussen et al. (2021) reported seasonal-scale air
temperature offsets in the same experimental network, with

an average summer offset of —2.8°C and a positive winter offset
close to zero (0.1°C). This seasonal “offset reversal” is driven by
shifts in forest energy balance. While summer canopies buffer
solar heating through shading and latent heat flux, winter for-
ests reduce heat loss from the ground, especially at night, with
the remaining canopy and insulating leaflitter retaining warmth
and limiting longwave radiative cooling and turbulent mixing
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Free-air temperature Daily range of free-air Precipitation Wind speed Soil moisture Solar radiation Day length Snow cover
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FIGURE4 | Effectsoffree-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow cover
interacted with plant area index on soil temperature offset. Free-air temperature, precipitation, wind speed, soil moisture and snow cover were ex-
tracted from the ERAS5-Land database. The lines show the LMMs model predictions with ‘region/transectID/plot’ and ‘year/month/date’ as random
effects. The colours of the lines represent the plant area index gradient. The same figure with the raw data is shown in Figure S32 in Supporting
Information.
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FIGURES5 | Effects of free-air temperature and its daily range, precipitation, wind speed, soil moisture, solar radiation, day length and snow cov-
er interacted with distance to forest edge on soil temperature offset. Free-air temperature, precipitation, wind speed, soil moisture and snow cover
were extracted from the ERA5-Land database. The lines show the LMMs model predictions with ‘region/transectID/plot’ and ‘year/month/date’ as
random effects. The colours of the lines represent edge distance gradient. The uneven spacing along the distance-to-edge legend reflects the back-
transformed log(distance) value. The same figure with the raw data is shown in Figure S33 in Supporting Information.

(Zellweger et al. 2019; De Frenne et al. 2021). Nevertheless, we temperature offsets, indicating its primary role in controlling

assumed that positive winter offsets would be more characteris- forest near-surface thermal conditions. Free-air temperature,
tic of boreal coniferous forests, where persistent foliage provides which reflects the atmospheric temperature unaffected by im-
continuous canopy insulation. In addition, other factors, in- mediate surface influences, acts as a boundary condition by

cluding snow cover dynamics and species-specific tree thermal setting the ambient thermal state of the air column above the
regulating capacity, likely play important roles with canopy dy- surface (Oke 2002; Geiger et al. 2009). This boundary condition
namics in shaping winter temperature offsets, especially at the largely determines the baseline thermal environment that near-
daily scale. Yet, we also found a study by Zellweger et al. (2019) surface air and soil temperatures respond to. In contrast, other
based on short-term logger data that reported negative daily =~ weather variables such as wind, precipitation, solar radiation,
temperature offsets in broadleaved forests during both summer and humidity function primarily as fluxes or dynamic inputs
and winter: —0.5°C (range: —1.4 to 0.4) and —0.03°C (range: —0.8 rather than boundary conditions. Wind influences momentum
to 0.8), respectively. This suggests that the results are not always transfer and heat transport, precipitation adds moisture to the
consistent, even at a similar daily temporal resolution. system, and solar radiation provides energy input—all of which

dynamically modify surface temperatures and microclimate

conditions on shorter temporal and spatial scales (Oke 2002;

4.2 | Interactive Effects of Free-Air Temperature Monteith and Unsworth 2013). Soil moisture and snow cover,
and Its Daily Range With Forest Structure and Edge meanwhile, act as surface state variables that further affect en-
Distance ergy and water exchanges but do not serve as atmospheric bound-

ary conditions (Seneviratne et al. 2010; Edwards et al. 2007).
Despite the mean temperature offsets in summer and winter =~ While these fluxes and surface conditions can significantly
being opposite, these offsets respond similarly and consistently to influence local thermal environments, their effects are often
weather variables across seasons, with only a few exceptions or more variable and site-specific compared to the more consistent
differences in their interaction with plant area index or distance to and systematic influence of free-air temperature. Consequently,

edge. This suggests that while the baseline offset differs fundamen- fluctuations in free-air temperature tend to be more strongly re-
tally between summer and winter, the mechanisms driving varia- flected in surface temperature patterns, explaining its predomi-
tion in offsets in response to weather remain largely consistent. nant role in driving air temperature offsets.

Among the weather variables studied, free-air temperature Recent in situ microclimate studies covering continental ex-
emerged as the dominant factor influencing both air and soil tents usually cover relatively short-term periods and are
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based on aggregated data at the seasonal or monthly resolu-
tion (Zellweger et al. 2019; Haesen et al. 2021). Our study ad-
dresses these gaps by analyzing microclimatic fluctuations at
a daily resolution over more than five years. We observed that
as free-air temperature increased, forest air and soil tempera-
tures became increasingly cooler relative to free-air, indicating
a strengthening of the microclimate buffering capacity. These
findings align with previous studies conducted at global and re-
gional scales with monthly resolution, encompassing temperate,
tropical, and boreal forest ecosystems (De Frenne et al. 2019;
De Lombaerde et al. 2022; Hes et al. 2024). Higher free-air tem-
peratures are typically accompanied by elevated vapor pressure
deficit, which enhances plant transpiration and soil evaporation,
amplifying microclimatic temperature offsets through evapora-
tive cooling (e.g., Breshears et al. 1998; Fang and Leung 2022).
Forests generally exhibit higher evapotranspiration rates than
non-forested open areas due to greater soil moisture availabil-
ity and active vegetation transpiration. This process consumes
energy as latent heat, effectively cooling both air and soil (e.g.,
Breil et al. 2020). On the other hand, forest canopies provide
shading that reduces direct solar radiation reaching the ground,
thereby limiting surface heating during warmer periods (De
Frenne et al. 2021). This pattern is evident in the negative effects
of plant area index and distance to edge on both air and soil tem-
perature offsets in our study. In addition, we found statistically
significant—though not easily visualized—interaction effects
between free-air temperature and plant area index, as well as
between free-air temperature and distance to edge. However,
in our observational study we cannot mechanistically unravel
the specific contribution of shading vs. evapotranspiration on
microclimate cooling during the day. In conclusion, while free-
air temperature appears to be the dominant predictor of offset
values, the underlying mechanisms remain complex and likely
involve interactions among multiple physical and biological pro-
cesses (De Frenne et al. 2019, 2021).

Daily range of free-air temperature reflects the combined effects
of daytime heating and nighttime cooling and therefore serves
as a proxy for atmospheric and radiative conditions, such as
sky clarity, humidity, and radiation balance, that influence the
strength of forest microclimate buffering. By incorporating this
variable, we aimed to disentangle the influence of overall tem-
perature levels from that of daily thermal variability, providing
deeper insight into how forest characteristics interact with mac-
roclimatic conditions to stabilize local thermal environments.
The negative effect of daily range of free-air temperature was
obvious on soil temperature offsets and was slightly stronger
in denser forests or in the forest interior in our study. This pat-
tern suggests that larger diurnal temperature range—typically
occurring under clear-sky conditions with minimal cloud cover
(Fischer and Schir 2009; Dessler 2010)-amplify differences be-
tween forest and free-air temperatures. On clear days, increased
solar radiation raises daytime soil temperatures more strongly
in open areas than under the canopy, while at night, enhanced
radiative cooling in forests leads to a sharper temperature drop.
Such day-night asymmetry in cloud-radiation interactions am-
plifies overall temperature contrasts between below-canopy
and free-air temperatures (Yin et al. 2020; Luo et al. 2024). In
summer, this results in net heat loss and cooler soil tempera-
tures. This finding contrasts with some global-scale analyzes
suggesting that cloudy days, often associated with a narrower

daily free-air temperature range, have an overall cooling ef-
fect (Zelinka et al. 2017). In winter, the same mechanism of
enhanced nighttime cooling under clear skies prevents the soil
from retaining warmth, making it colder than under cloudier
conditions with smaller diurnal temperature ranges.

4.3 | Interactive Effects of Soil Moisture With
Forest Structure and Edge Distance

During summer, higher soil moisture in our study was also as-
sociated with cooler microclimatic air and soil temperatures
in the forest understory compared to free-air thermal con-
ditions, though with a smaller magnitude than the effect of
free-air temperature. Similar patterns of cooler microclimate
temperature under higher soil moisture were also found by
several studies (Von Arx et al. 2013; Davis et al. 2019; Horvath
et al. 2023; Greiser et al. 2024). Increased soil moisture can
enhance latent heat fluxes through both soil evaporation and
transpiration from understory vegetation, contributing to local
cooling and thus slightly promoting microclimate buffering
(Dai et al. 1999). However, higher soil moisture can also en-
hance the cooling capacity of canopy trees by increasing tran-
spiration, which may reduce above-canopy temperatures more
than below-canopy temperatures (Richter et al. 2022), leading
to a narrower temperature offset between the forest under-
story and the free-air temperatures. This pattern was not ob-
served in our results, suggesting that, at the daily scale, soil
moisture in our study may primarily contribute to sub-canopy
cooling mediated by soil evaporation and transpiration from
understory vegetation, consistent with findings from Stickley
and Fraterrigo (2021) and related indirect evidence reported by
several studies (Gilliam 2007; Williams and Ward 2010; Kovacs
et al. 2020; Prévosto et al. 2020; Van Gestel et al. 2022; Horvath
et al. 2023). Our results indicate the complex impacts of soil
moisture on above- and below-canopy temperatures, which
may vary depending on local conditions, forest structure, and
temporal resolution.

We also found that, in summer, the negative relationship be-
tween soil moisture and both air and soil temperature offsets
was slightly more pronounced in forests with a lower plant area
index or smaller distance from the forest edge in summer. A
similar finding- that the cooling effect of soil moisture on the
understory was stronger when canopies were more open — was
also reported by Greiser et al. (2024), though their results could
vary depending on the specific observation year. Yet, more stud-
ies have shown higher efficient water absorption and enhanced
evaporative cooling with higher soil moisture in dense forests
compared to more open forests (Von Arx et al. 2013; Seneviratne
et al. 2010; Greiser et al. 2024). While we observed a similar pat-
tern in winter, with a slightly stronger negative relationship be-
tween air temperature offsets and soil moisture in denser forests,
the underlying explanation of reduced water uptake and evapo-
ration in deciduous forests during winter is unlikely to apply.
Those inconsistent findings suggest that the relationship be-
tween soil moisture, canopy density, and microclimatic cooling
is complex and context-dependent. Similarly, Davis et al. (2019)
summarized that shifts in water balance, combined with accel-
erating canopy loss due to increased disturbance frequency and
severity, could lead to significant changes in the microclimate.
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4.4 | Interactive Effects of Wind Speed With Forest
Structure and Edge Distance

Our study found that forest microclimate air and soil tempera-
tures were noticeably cooler than free-air temperature with in-
creasing wind speed. This effect was slightly more pronounced
in forests with a lower plant area index during the summer,
particularly for air temperature offsets. Strong winds are often
assumed to reduce forest microclimatic offsets by mixing cooler
canopy air into the atmosphere, slightly lowering free-air tem-
peratures (De Frenne et al. 2021). Since wind penetration into
forests is limited, below-canopy temperatures remain relatively
unchanged, leading to less negative offsets (Renaud et al. 2011;
Schmidt et al. 2017). However, our results revealed an opposite
trend: both air and soil temperatures within forests became
cooler than free-air temperatures as wind speed increased—
that is, forests were relatively cooler under windier conditions.
One plausible explanation is that increased wind may enhance
evaporative cooling from canopy foliage, particularly in forests
with more open canopies, where air movement is less obstructed
(Davarzani et al. 2014; Konrad et al. 2021). In such conditions,
the cooling induced by enhanced evapotranspiration may out-
weigh the warming effects of vertical mixing. This may explain
why in our study the wind-induced cooling effect was slightly
more pronounced in stands with a lower plant area index during
the summer, especially for air temperature.

In contrast, when comparing forest edges to the interior, the
negative effect of wind speed on air temperature offset was
slightly more pronounced within the forest interior in summer.
This may be because higher wind speeds near the forest edge
enhance the mixing of warm above-canopy air into the under-
story, thereby diminishing the cooling effect of shading and
evapotranspiration close to the edge and resulting in a slightly
warmer microclimate compared to the deeper interior (Davis
et al. 2019), leading to a slightly less cool microclimate com-
pared to the deeper forest interior. Greater distance from the
forest edge is often associated with more complex forest struc-
ture, as wind enters the forest, turbulence decreases sharply
in the lower canopy (Irvine et al. 1997; Wuyts et al. 2008). In
winter, although a similar negative effect of wind on air tem-
perature was observed in the forest interior, the pattern at the
forest edge was reversed: wind speed was slightly associated
with warmer understory air temperature, possibly because tur-
bulence disrupted nocturnal cold-air pooling and transported
relatively warmer air from adjacent open areas into the forest
edge. Taken together, these findings highlight the dual role of
edge-driven air mixing- dampening cooling in summer and po-
tentially enhancing warming in winter— depending on seasonal
background conditions.

4.5 | Interactive Effects of Solar Radiation With
Forest Structure and Edge Distance

Our study found that both air and soil temperature buffering
weakens as solar radiation increases. That is, under higher solar
radiation, the forest microclimate becomes less buffered and
closer in temperature to open-air conditions, even though it re-
mains cooler overall. This indicates that higher solar radiation
penetrates canopy gaps and directly warms understory air and

soil (Promis et al. 2009). Meanwhile, the rapidly increasing solar
radiation reduces the effectiveness of shading and evapotrans-
piration (e.g., stomatal closure), narrowing the temperature dif-
ference between forested and open areas (Esperon-Rodriguez
etal. 2021; Yuet al. 2024). Unlike free-air temperature, increased
solar radiation acts as an internal heat source (Oke 2002), warm-
ing the forest and reducing the temperature offset. In addition,
clear and sunny conditions, which are often closely associated
with higher solar radiation, can also lead to lower precipitation
and soil moisture, suppressing evapotranspiration and weaken-
ing cooling in both vegetation and soil (Rowlands et al. 2002).
This was also reflected in our correlation analysis, which
showed strong negative correlations between solar radiation
and both precipitation and soil moisture, especially during the
summer (Figure S5).

During summer, the weakening of air or soil temperature
buffering with increasing solar radiation was slightly more
pronounced in forests with a high plant area index or increas-
ing distance to the edge during summer. On the contrary, for
soil temperature offsets in winter, solar radiation exhibited
slightly less positive effects in denser forests or the forest inte-
rior, which might link to the limited amount of solar radiation
reaching the soil during winter. As a result, temperature off-
sets increase less under high solar radiation in dense stands
than in open forests or the forest edge, where sunlight pen-
etrates more easily. It might also result from the influence
of solar radiation on snow melting (Ellis and Pomeroy 2007;
Pomeroy et al. 2009). A negative correlation between snow
cover and solar radiation was detected (Figure S5). However,
the underlying mechanism requires further investigation.

4.6 | Interactive Effects of Precipitation With
Forest Structure and Edge Distance

Our results showed less air or soil cooling with higher precip-
itation in both summer and winter, which might be due to the
reduced evaporative cooling because wetter surfaces are closer
to saturation, leaving less capacity for additional evaporation at
a daily resolution. For example, Didszegi et al. (2023) demon-
strated that throughfall during longer and more intensive pre-
cipitation dampens forest buffering. Higher precipitation might
also homogenize moisture and energy conditions across the for-
est, diminishing the variability that often drives stronger cool-
ing effects in drier conditions. Moreover, in summer, less dense
forests experienced slightly more noticeable cooling from pre-
cipitation. This suggests that the open canopy allows precipita-
tion to interact more effectively with the environment, amplified
by greater solar exposure, enhanced evaporation, and better air
circulation, which collectively contribute to a more pronounced
cooling effect.

4.7 | Interactive Effects of Snow Cover With Forest
Structure and Edge Distance

The snow cover effect was more pronounced on soil tempera-
ture than on air temperature offsets. The similar results of the
important regulation of snowpack on soil temperature dynam-
ics in a hardwood forest were also found by Wilson et al. (2020).
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Snow has been shown to act as an insulating layer for soil and
vegetation, creating a warmer microclimate that buffers against
sub-zero temperatures (Edwards et al. 2007; Graae et al. 2012).
However, in our study with daily-resolution observations, we
found that as snow cover increased, soil temperatures in forests
became relatively colder than free-air temperatures, though this
effect was minor. One possible explanation is that extensive
snow cover often coincides with prolonged cold winter condi-
tions (Diro et al. 2018). When sub-zero air temperatures persist
for extended periods, frozen ground alters subsurface hydrology
by reducing soil permeability, limiting infiltration, and promot-
ing surface runoff, which may influence the potential insulat-
ing effect of snow (Rush and Rajaram 2022). Yet studies such
as those by Wilson et al. (2020) and Maurer and Bowling (2014)
suggest that winter soil moisture may not always be sensitive to
snowpack size. This indicates the need for further in situ stud-
ies and observations on snow cover to gain a more precise and
comprehensive understanding. While Era5-Land provides high-
resolution daily weather information, their inherent uncertain-
ties, especially at localized sites, could influence the observed
microclimatic offsets, highlighting the need for future studies to
address these uncertainties through comparisons with localized
observations or higher-resolution datasets (Meyer et al. 2023).

4.8 | Interactive Effects of Day Length With Forest
Structure and Edge Distance

The effect of day length on air temperature offsets was signifi-
cant only in winter, showing a slight increase with longer days.
This positive effect was somewhat stronger in forests with a
higher plant area index. Longer winter days provide more solar
input, warming the canopy and near-surface air. In dense for-
ests, a higher plant area index helps absorb and retain this en-
ergy, moderating sub-canopy air temperatures and reducing
overnight cooling (Rajendran and Smith 2016). In contrast, day
length negatively affects soil temperature offsets in both sea-
sons—enhancing cooling in summer and reducing warming
in winter. In summer, longer days increase solar radiation but
also boost vegetation growth and evapotranspiration, which to-
gether reduce soil heating and increase cooling. In winter, al-
though day length slightly raises solar input, snow cover and low
sun angles limit soil warming, resulting in a less positive offset
(Bender et al. 2020; Friesen et al. 2021). These patterns suggest
that while sub-canopy air temperatures respond to longer days
via canopy-mediated warming, soil temperatures remain con-
strained by insulation and limited energy transfer, producing
opposite trends.

5 | Conclusions

In the past decade, significant advancements have been made
in understanding microclimate patterns, related drivers,
and their effects on forest biodiversity and ecosystem func-
tioning. However, as the field evolves, there is an increasing
demand for more accurate and high-resolution microclimate
models and predictions. Drawing on over five years of contin-
uous in situ observations collected across the continent, this
study addressed a critical research gap by examining daily-
resolution microclimate buffering in European temperate

forests. We investigated how microclimatic temperatures re-
spond to the interactive effects of multiple weather conditions
with forest structural complexity and edge distance. We found
significant effects of weather conditions in driving soil and
air temperature offsets, with free-air temperature being the
dominant factor. Higher soil moisture and wind speed had a
smaller but still notable effect on microclimate temperature
buffering, generally related to cooler air and soil microcli-
matic temperatures. Conversely, higher precipitation and
solar radiation reduced the effectiveness of soil cooling buffer-
ing. Our findings underscore that the microclimate conditions
are determined by complex interaction paths among multiple
weather variables, forest structure, and edge distance. We
offer valuable insights, and data, for refining future microcli-
mate models and understanding forest ecosystem responses to
changing environmental conditions.

While previous studies based on monthly or seasonal aver-
ages have provided important insights, our daily-resolution
study offers a deeper and more dynamic understanding of
microclimatic variation. First, although greater variability in
weather variables such as precipitation, wind speed, soil mois-
ture, solar radiation, snow cover is expected to be captured
at the daily scale, free-air temperature consistently emerges
as the dominant driver of both air and soil temperature offset
dynamics. This emphasizes the overriding influence of mac-
roclimate even amid short-term fluctuations. Second, our find-
ings emphasize that the choice of weather variables and their
modeled relationships should be explicitly tailored to the tem-
poral resolution of analysis. Certain weather variables- such
as precipitation and soil moisture- exhibit patterns that are
counterintuitive or even opposite to those reported in lower-
resolution studies, indicating the complexity of microclimatic
responses on short timescales. This highlights the importance
of incorporating temporal-scale sensitivity into microclimate
modeling frameworks to ensure accurate interpretation and
prediction of local temperature dynamics. Third, the inter-
active effects of plant area index and distance to forest edge
are not always consistent at the daily scale. For instance, the
positive effect of solar radiation on air temperature offsets in
summer was weaker in denser forests and forest interiors. In
contrast, for wind speed, the negative effect on air tempera-
ture offsets during summer was stronger in open forests and
forest interiors. Moreover, in winter, the interaction patterns
can differ from those in summer, indicating clear seasonal
variability in these relationships. This implies that previously
hidden mechanisms involving vegetation structure and edge
influence become more detectable at finer temporal resolu-
tions. This also points to the potential for lagged responses in
how soil and sub-canopy air adjust to atmospheric conditions.

Altogether, our findings underscore the importance of high-
frequency, long-term monitoring to fully understand the drivers
of temperature offsets and the dynamic nature of microclimate
processes. Our findings represent typical patterns for broad-
leaved forests across temperate Europe, ranging from cold to
warm regions. These results can serve as useful references or
models for similar forest types. However, for boreal forests, trop-
ical forests, and high-elevation mountainous areas, further stud-
ies are recommended to determine whether similar or consistent
patterns can be detected.
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