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Abstract

Global forest cover is heavily fragmented. Due to high edge-to-surface ratios in small forest patches,
a large proportion of forests is affected by edge influences involving steep microclimatic gradients.
Although forest edges are important ecotones and account for 20% of the global forested area, it
remains unclear how biotic and abiotic drivers affect forest edge microclimates at the continental
scale. Here we report soil and air temperatures measured in 225 deciduous forest plots across Europe
for two years. Forest stands were situated along a latitudinal gradient and subject to a varying
vegetation structure as quantified by terrestrial laser scanning. In summer, the average offset of air
and soil temperatures in forest edges compared to temperatures outside the forest amounted to -2.8°C
and -2.3°C, respectively. Edge-to-interior summer temperature gradients were affected by the
macroclimate and edge structure. From the edge onwards, larger offsets were observed in dense forest
edges and in warmer, southern regions. In open forests and northern Europe, altered microclimatic
conditions extended deeper into the forest and gradients were steeper. Canopy closure and plant area
index were important drivers of summer offsets in edges, whereas in winter also the forest-floor
biomass played a key role. Using high-resolution maps, we estimated that approximately 10% of the
European broadleaved forests would be affected by altered temperature regimes. Gradual transition
zones between forest and adjacent lands are valuable habitat types for edge species. However, if cool
and moist forest interiors are desired, then (i) dense and complex forest edges, (i1) an undisturbed
forested buffer zone of at least 12.5 m deep and (ii1) trees with a high shade casting ability could all
contribute to an increased offset. These findings provide important guidelines to mitigate edge

influences, to protect typical forest microclimates and to adapt forest management to climate change.

Keywords

Climate change, Edge influence, Forest structure, Fragmentation, Temperate forests, Temperature

buffering
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1. Introduction

Global temperatures have increased by approximately 1°C in the past century and are expected to rise
further (IPCC, 2018). However, at local scales such as in forest stands, worldwide warming trends
might be less pronounced and climate-change impacts on forest organisms living in the understory
partly dampened (Bertrand et al., 2011; De Frenne et al., 2019; Zellweger et al., 2020). Indeed, the
forest microclimate, the local climatic conditions below tree canopies, can differ considerably from
the regional climate due to terrain features or vegetation structure and composition (Chen et al., 1999;
Geiger et al., 2009), and therefore do not necessarily follow the same trends as regional temperature
increases. Due to the shading and evaporation of the vegetation canopy, forest-floor organisms
receive less light, less extreme temperatures and thereby a lower temperature variability throughout
the day and year in comparison to open areas (Chen et al., 1995; De Frenne et al., 2019; Zellweger et
al., 2019). Understorey organisms can even experience an offset which is greater than the warming
rates of air temperatures in the past decades (Frey et al., 2016; De Frenne et al., 2019). Considering
forest microclimates are therefore important because they ultimately regulate the survival, growth
and dispersal of forest-dwelling organisms and affect important forest ecosystem processes such as
tree regeneration, and carbon and nutrient cycling (Aussenac, 2000; Riutta et al., 2012; Chen et al.,
2018; De Frenne et al., 2021). Moreover, microclimatic conditions determine the community
composition and might explain why certain communities lag behind macroclimate and not

microclimate warming (De Frenne et al., 2013, 2015; Stevens et al., 2015; Zellweger et al., 2020).

Even within forests, large differences in incoming radiation, wind speed and direction, temperature
and humidity occur at short spatial scales. Such local gradients in microclimatic conditions are
especially pronounced near forest edges. These transition zones between forests and adjacent open
land are characterised by strong inflow of warm or cool air, depending on the season and time of the
day (Harper et al., 2005; Schmidt et al., 2017). Especially due to steep changes in vegetation structure
and composition (Harper et al., 2005; Meeussen et al., 2020), forest edge zones are characterized by

environmental gradients that can extend up to 100 m into the forest interior (Harper et al., 2005;
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Schmidt et al., 2017). For instance, during the summer, temperature and light levels decrease whereas
the relative air humidity increases from the edge towards the forest interior (Matlack, 1993; Davies-
Colley et al., 2000; Schmidt et al., 2017). This makes transition zones more susceptible to temperature
extremes and drought stress in comparison to forest interiors. Altered microclimatic conditions in
forest edges, from warm and dry at the edge to cool and moist in the interior, consequently create
gradients in understorey biodiversity and induce the establishment of typical habitats for edge-loving
vegetation and organisms (Magura, 2002; Ries et al., 2004; De Smedt et al., 2019; Govaert et al.,
2020; De Pauw et al., 2021). Furthermore, they change ecosystem functioning and the provisioning
of services such as carbon stocks and cycling (Remy et al., 2016; Meeussen et al., 2021). Forest
microclimates have long been studied (Geiger et al., 2009; Schmidt et al., 2019), however, we still
lack an assessment of the relative importance of local and regional drivers on the spatiotemporal

variation of forest edge microclimates at the continental scale.

As a result of large-scale fragmentation, more than 20% of the global forest surface is situated within
100 m of a non-forested matrix (Haddad et al., 2015). In Europe alone, the cumulative edge length of
broadleaved forests amounts to 9.4 billion metres (Meeussen et al., 2021). A substantial extent of the
forested area in Europe is thus subject to strong edge influences and consequently to environmental
and ecological gradients penetrating deep into the interior of fragmented forest patches. Such edge
influences, and their magnitude and depth of influence, are hitherto difficult to quantify as they can
vary across the globe due to factors such as forest structure and composition (i.e. deeper edge
influences in more open canopies) and macroclimate (i.e. stronger offsets in warmer climates)
(Aussenac; 2000; De Frenne et al., 2019; Lembrechts and Lenoir, 2019). Therefore, it is important to
gather information on how the drivers of edge-to-interior microclimatic gradients vary at a continental

scale.

Here we assessed air and soil temperature offsets and integrated cumulative evaporation (as a proxy
for relative air humidity) in 225 plots in 45 European deciduous forest edges for two years. The forests

differed in vegetation structure and complexity, and were situated along a latitudinal gradient from
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the Mediterranean to central Norway, crossing eight different countries. This study design enabled us
to quantify the effect of macroclimate and edge structure on the spatiotemporal variation in
microclimatic temperature offsets and evaporation from the edge of the forest towards the interior.
We hypothesized to find strong gradients in temperature and evaporation as one moves away from
the edge. Moreover, we expected temperature offsets to be strongest in warm, southern European
regions and in forests with a dense edge structure, and to find effects of management and
macroclimate on the edge-to-interior gradients in temperature. Secondly, to gain a more complete
understanding of these patterns, we quantified the influence of several regional (landscape and
macroclimatic) characteristics and local site conditions (i.e. forest structure, soil texture and forest-
floor litter and humus biomass). In particular, we expected that vegetation structure would play an
important role on the forest microclimate, especially during the summer, enabling us to provide

guidelines on how to protect forest interior microclimates.
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2. Material and Method
2.1 Study design

Data were collected in 45 ancient mesic deciduous forests, mainly dominated by oaks (Quercus robur,
Q. petraea or Q. cerris), with Fagus sylvatica, Betula pubescens, Populus tremula, Ulmus glabra,
Alnus incana and Carpinus betulus as other (sub)dominant tree species. The stands were situated
along a 2300 km long south-north gradient across Europe. Along this latitudinal gradient, nine regions
were selected from Central Italy up to Central Norway, covering a mean annual temperature
difference of approximately 13°C (Figure 1). In three of the nine regions, Norway, Belgium and Italy,
an additional elevational gradient with three levels (i.e. low, intermediate and high elevational sites)
was established as well to capture climatic variation resulting from elevational differences (expected
temperature difference = 5.76°C; ICAQO, 1993). In total, 15 sites (i.e. nine lowland, three intermediate

and three high-elevational sites) were selected across Europe.

Latitudinal and elevational gradient Management gradient Edge-to-interior gradient

Forest interior

Forest edge JN\

Figure 1: Overview of the study design with the macroclimatic gradients (latitude and elevation) and forest structural gradients
(management and distance to the edge). Left: The nine regions (Central Italy, Northern Switzerland, Northern France, Belgium,
Southern Poland, Northern Germany, Southern Sweden, Central Sweden and Central Norway) along the latitudinal gradient, including
three additional elevational gradients (shown as white crosses on the map). Background map from: http://databasin.org. Middle: The
three forest management types. Right: An example of a 100 m-long edge-to-interior gradient, whereby the forest edge is defined as the

outermost line of tree trunks bordering the non-forested matrix. The forest interior is the forest area not characterized by edge
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influences, where abiotic and biotic conditions thus stay relatively homogenous. Figure after Meeussen et al. (2021), reproduced with

permission.

In all sites (n = 15), three forest stands were selected with a different structure and management type
(Figure 1). The first type, referred to as ‘dense forests’, were always the most structurally complex
stands. They had not been thinned for at least three decades or managed in the past ten years, and
therefore comprised of a dense canopy (canopy openness < 10%), high basal area (> 20 m? per ha)
and a well-developed shrub layer. Intermediate forests, the second management type, were stands
with a lower basal area (10-25 m? per ha) and higher openness (5-30%), resulting from regular but
not too recent (at least five to ten years before sampling) thinning events. The third and final
management type represented ‘open forests’. These stands were even-aged with a simple structure
without shrubs and a subdominant tree layer as they were intensively thinned one up to four years
before sampling. Where possible, they were selected based on a low canopy openness (30-50%) and
low basal area (< 10-15 m? per ha). Further details on the study design, forest structure and site
selection can be found in Govaert et al. (2020), Meeussen et al. (2020, 2021), De Pauw et al. (2021)
and Sanczuk et al. (2021) as this paper is part of larger research project with a common same study

design.

In each of the 45 forest stands, we studied a 100 m-long gradient perpendicular to the forest edge
(Figure 1). The edges all bordered a matrix of agricultural land and were approximately south-
oriented. Edge orientation was kept constant, because of its known impact on microclimate and depth
of edge influence through exposure to direct radiation (Matlack, 1993; Chen et al., 1995; Murcia,
1995). Along each edge-to-interior gradient, five 3 m by 3 m plots were established at predefined
distances from the forest edge towards the core following an exponential curve (n = 225), as the
strongest changes in microclimatic conditions were expected to occur near the forest edge. The centre
of the first plot was situated at a distance of 1.5 m from the edge, a second plot was located at 4.5 m
from the edge and three more plots were centred at 12.5 m, 36.5 m and 99.5 m from the edge (Figure

1). The fifth plot, situated at approximately 100 m from the forest edge, was considered representative
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of the forest’s interior, a presumption in line with other studies finding the macroclimatic edge
influences to dissipate within such a distance (Matlack, 1993; Young and Mitchell, 1994; Davies-

Colley et al., 2000; Schmidt et al., 2017).

2.2 Data collection

2.2.1 Microclimatic data

We measured air and soil temperatures during two full years, from 1 June 2018 to 31 May 2020. Both
air and soil temperatures were recorded at hourly intervals in each plot, using lascar temperature
loggers (EasyLog EL-USB-1, accuracy at -35 to +80°C: + 0.5°C). Air temperatures were measured
at a height of 1 m above the forest floor. The sensors were attached to the north side of a wooden
pole, which was placed in the centre of each plot, and were protected by plastic white radiation shields
to avoid direct solar radiation on the sensors (Supplementary figure A1). For the soil temperature,
we buried the loggers horizontally in the ground in a protective plastic tube at a depth of 5 cm and 5
cm next to the wooden poles (Supplementary figure Al). This set-up, the combination of the pole
with air and soil data logger, was installed in each plot (n = 450 sensors) and repeated outside the
forest for each of the fifteen sites (n = 30 reference sensors). The latter to quantify fully open
conditions outside the forest to obtain reference macroclimate conditions not influenced by the forest

canopy. All these 30 reference sensors (i.e. one soil and one air data logger per site) were installed in

open grasslands in the vicinity (generally within a radius of 5 km) of the respective forest edges.

After data collection, time series were visually checked for outliers (e.g. due to uprooting of the soil
loggers by wild boar, broken radiation shields and poles) by plotting and comparing them with the
other time series of sensors within the same site or the reference sensors. Biased temperature
measurements, showing deviating trends or clear outliers, were removed from the dataset and
subsequently daily minima, maxima and mean temperatures were determined for each sensor. Next,
we calculated the daily mean (Tmean), minimum (Tmin) and maximum (Tmax) temperature offset,
which corresponds to the temperature difference between each of the temperature loggers located
along the edge-to-interior gradient and the reference temperature logger located in open conditions

(offset = edge-to-interior gradient location minus open reference location). Negative offsets thus
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depict cooler conditions inside the edge-to-interior gradient than in the open reference location, and
vice versa. Finally, our daily temperature offset values were aggregated into monthly averages, and
afterwards seasonal offsets (spring: March, April and May; summer: June, July and August; autumn:
September, October and November; winter: December, January and February), if at least 50% of the
data were available for that month/season. In the best case, we obtained 225 offset values (one per
plot) for Tmean, Tmin and Tmax for both soil and air and during each season. To proceed, we mainly
focused on the offset during winter and summer, as these seasons show the most contrasting patterns
(Figure 2 and Supplementary figure B1). Due to missing data, we were unable to calculate the
summer air offsets in 2 plots, and the summer and winter soil offsets in 22 and 7 out of the 225 plots,

respectively, due to for instance logger malfunctioning or the uprooting of soil sensors.

To quantify air humidity integrated over a longer time period, custom-built evaporometers were
installed in May-June 2018. These evaporometers were narrow 50 cm long plastic tubes (diameter 14
mm), cautiously sealed at the top with a plastic plug and at the bottom with an open cap covered by
filter paper (Rotilabo®-Blotting papers, thick. 1.0 mm), functioning as Piche evaporometers
(Papaioannou et al., 1996). The tubes were filled with c. 75 mL distilled water, weighted and carefully
attached to the wooden pole with tape, at the north side and in such a manner that the tube hung
vertically with its lower end 10 cm above the ground. After one month, the tubes were collected and
again weighed to determine the water loss. The weight loss was finally converted to water evaporation
in mm per week and served as a metric for the integrated, cumulative air humidity inside the forest
over this period. Due to damaged filter paper in 24 tubes, 201 of the 225 measurement points were

available for further analyses.

2.2.2 Explanatory variables
Local site characteristics
Forest structure and composition
The forest structure was quantified between May and July 2018. Primarily, we visually estimated the

vertical species-specific cover of all shrub (1-7 m) and tree species (> 7 m) in the 3 by 3 m plots. The

average shade casting ability (SCA) was determined per plot, based on the SCA-score of individual
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trees and shrubs weighted by their respective cover. The SCA 1is an expert-based and species-specific
index, ranging between 1 and 5, describing the ability of trees and shrubs to cast low levels of shade
(SCA close to one e.g. Betula pendula) or high levels of shade (SCA close to five e.g. Fagus sylvatica)
(Verheyen et al., 2012). Species-specific SCA-scores were obtained from the literature (i.e. Verheyen
et al., 2012 and Govaert et al., 2020) and are listed in the appendix (Table A1). Subsequently, in
every plot, a larger circular plot with a 9 m radius was established. In these plots, the average diameter
of all trees with a diameter at breast height (DBH, 1.3 m) larger than 7.5 cm were determined via two
DBH measurements per stem, perpendicular to each other, using a caliper. Subsequently, we
calculated the total basal area per hectare at plot level. Next, we used terrestrial laser scanning (TLS)
to further map the complex three-dimensional structure of the forest (Calders et al., 2020); all
technical details considering this campaign are described in Meeussen et al. (2020). Single-scan
position TLS was carried out in the centre of the plots using a RIEGL VZ400 (RIEGL Laser
Measurement Systems GmbH, Horn, Austria). Based on the scans, we derived four more forest
structural metrics. Firstly, we determined the plant area index, a metric for plant material density or
the total of the one-sided area of woody (e.g. branches) and non-woody biomass (i.e. leaves) per unit
of surface area. More specifically, the plant area index was computed as the integral of the plant area
per volume density (PAVD, m? m™) over the canopy top height. The plant area index of the shrub
layer, as second metric, was determined as the total PAVD below a height of 7 m. Thirdly, we
determined the canopy top height, based on the 99% PAVD-percentile to remove atmospheric noise.
Lastly, as a fourth TLS-derived metric, canopy closure was used. Canopy closure is the complement
of canopy openness, which was calculated as the average percentage of gap fraction, the probability
of a beam to miss all scattering elements in the forest (i.e. foliage or wood) and escape through the

canopy, across the angle 5-70°.

Forest-floor biomass and soil texture
In addition, two more local site characteristics potentially affecting the forest microclimate were

determined: the mass of the forest floor (i.e. litter and humus) and the soil texture (Paul et al., 2004;

Fekete et al., 2016; Dutta et al., 2018). In each plot, one random sample of the forest floor, the organic
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material (i.e. O-horizon(s)) on top of the mineral topsoil, was taken in a 20 cm by 20 cm square frame
after removal of live understorey vegetation. The litter and humus layers were sampled and weighed
after drying to constant weight for 48 hours at 65°C to determine the biomass of the forest floor (kg
m2). Five subsamples of the soil were taken (10-20 cm depth) in each plot as well. The subsamples
were pooled per layer and dried to constant weight at 40°C for 48 hours. Texture analysis was
performed by sieving and sedimentation with a Robinson—Ko6hn pipette according to ISO 11277
(2009). We selected the percentage sand (%) as most important proxy for the soil texture’s influence

on microclimate.

Regional characteristics
Macroclimate temperature and precipitation

Macroclimatic data were obtained from our reference sensors. For every site, we calculated the mean
annual temperature (MAT, °C, over the period 1 June 2018 to 31 May 2020) based on the data of the
reference air sensors placed in the neighbourhood of our transects. Moreover, to obtain a more exact
characterisation of the macroclimate during summer and winter, we also computed the mean seasonal
temperature (MST, °C) during winter and summer for both soil and air reference sensors. For each
plot, data on the mean total annual precipitation (MAP, mm year ") were extracted from CHELSA
(version 1.2, average climatic conditions over the period 1979-2013 at a spatial resolution of 30 arc
sec, Karger et al., 2017). We also performed a sensitivity analysis using gridded macroclimate data
(ERAS5-Land hourly data, (Mufioz Sabater, 2019)) as reference data instead of our own open-habitat

reference sensors. These sensitivity analyses confirm the robustness of our main findings and are

available in Appendix C.

Landscape structure
Four landscape characteristics were extracted using satellite-based global tree cover data (spatial

resolution of 30 m, Hansen et al., 2013), a pan-European digital elevation model (spatial resolution
of 25 m), Copernicus data and information from the European Union (EU-DEM, 2018). The
percentage of forest cover (%, forests defined as surface areas with a minimum tree cover of 20 %)

surrounding each plot was calculated using a circular buffer area with a 500 m radius (Hansen et al.,
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2013). Topographic northness and slope (°) were derived from the digital elevation model. The
topographic northness, derived as the cosine of topographic aspect, represents the topographic
exposition and ranges from north facing (+1) to completely south facing (-1). Finally, also distance
to the nearest coast was considered as a predictor of the microclimatic offset, as an increased

temperature range and reduced air-mixing farther from the coast might affect the offset.

2.3 Data analysis
Variation in microclimatic gradients in forest edge zones across Europe was analysed in R version

4.0.3 (R Core Team, 2020) making use of linear mixed-effect models (Zuur et al., 2009) and the
‘Imer’ function in the R-package ‘/me4’ (Bates et al., 2015). In all models, region and transect nested
within region were added as random effect terms (i.e. random intercepts) to account for the nested
structure of our design; plots nested in transects, nested in regions. In a first set of models, we studied
the impact of distance to the edge, management type and the macroclimate (MAT, as a continuous
variable for region and elevation) (i.e. our fixed effects) on the forest edge microclimate (n ~ 225 for
the (winter and summer) air and soil temperature offset, and n = 201 for the evaporation during the
summer). Two-way interactions between fixed effects were allowed. Non-significant (interaction)
effects were removed from the model during model selection using the ‘step’ function of the R-
package ‘/merTest’ (Kuznetsova et al., 2017). After model selection, restricted maximum likelihood
was employed to assess the model parameters. Distance to the edge was log-transformed prior to
analyses since the distribution of our plots followed an exponential pattern and one of the response
variables, evaporation, had a right-skewed distribution and was log-transformed as well. If distance
to the edge was a significant driver of the microclimate, a post hoc (Tukey Multiple Comparisons)
test was executed using the ‘glht’ function (‘multcomp’ R-package) to explore up to which edge
distance (here as a factor, significance level p <0.05) the microclimate differed from the microclimate
in the forest interior (i.e. at a distance of 99.5 m from each edge) (Hothorn et al., 2008). This way we
determined the depth of edge influence, and subsequently calculated, as a basic and explorative
analysis, the percentage of European deciduous forests affected by edge influences in Europe based

on the cumulative length of deciduous forest edges across Europe (Meeussen et al., 2021).
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To achieve a more mechanistic understanding of the microclimate patterns and their drivers, an
additional set of models was constructed. Here, the fixed effects were our local site features (shade
casting ability (SCA), basal area, plant area index, plant area index of the shrub layer, canopy height,
canopy openness, forest-floor biomass and soil texture) and regional landscape and macroclimatic
characteristics (seasonal temperature (MST) from the reference sensor, precipitation (MAP), slope,
northness, forest cover, and distance to the coast), whereas the random effects stayed the same
(transect nested within region). Regarding MST, we always selected the macroclimatic temperature
of the same type (air/soil) and same season (winter/summer) as the respective offset metric. For
evaporation, the summer macroclimatic air temperature of the reference sensor was used. All
continuous predictor variables were standardized to allow for a better comparison of model
coefficients. No interaction terms were tested in these models (to make the models not overly
complex), and again backward model selection was executed on this second set of models. Also,
multicollinearity was tested making use of the variance inflation factor. Multicollinearity among the

predictor variables in all models was low (variance inflation factors lower than 3).
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3. Results

The average air temperature offset in summer across all plots and transects amounted to -2.8 + 0.8°C
whereas in winter the average offset fluctuated around zero (-0.1 = 0.7°C). Maximum summer air
temperatures were on average 8.3 £ 3.1°C cooler inside than outside forests, in contrast, minimum
summer air temperatures were warmer (1.5 £ 1.5°C) in the forest. Forest soil offsets were on average
-2.3 £ 1.6°C during the summer months, with a more negative offset for maximum temperatures (-
4.5 +£2.7°C) and minimum temperature offsets close to zero (-0.8 £ 1.3°C). In winter, mean, minimum
and maximum soil temperatures were warmer inside than outside forests (respectively 1.0 = 1.0°C,
1.1 £ 1.0°C and 0.8 = 1.0°C) (Figure 2). The average summer evaporation amounted to 20.06 mm

per week (range: 2.4 — 112.75 mm per week, Supplementary figure B2).
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Figure 2: Summary of the seasonal variation in air and soil temperature offsets (°C) for maximum (Tmax), mean (Tmean) and

minimum (Tmin) temperatures for all 225 study plots. Negative offsets indicate cooler temperatures inside forest edge zones.

Besides seasonal fluctuations, the offset also depended on the macroclimate, management and
distance to the edge (log-transformed). For almost all offset metrics, except for the offset of the
minimum winter temperature in the forest soil, we found a significant main impact of the distance to
the edge (Table 1, and Supplementary tables B1 and B2) or edge distance interactions with MAT
or forest type. In general, these trends indicated an enhanced cooling of mean and maximum
temperatures (i.e. more negative offset) from the forest edge towards the interior during the summer
(Figure 3A and 3B), but in winter, higher mean and maximum temperatures (i.e. more positive
offsets) were detected near the edge in comparison to the interior (Figure 4). Moreover, we found an
indication of a decreased evaporation in the interior, shown by the significant negative impact of the

distance to the edge on the evaporation (Figure 3C).

Table 1: The impact of the design variables (mean annual temperature (= MAT), forest management type (= dense, intermediate or
open) and distance to the edge and their interaction effects on the mean offset of air and soil temperatures during summer and winter,
and the evaporation. Dense forests were used as the reference management type. The effects for Tmin and Tmax can be found in the
appendix (Supplementary tables B1 and B2). The coefficient estimates of the models are given and the significance of the effect is

indicated with asterisks (* = p < 0.05, ** =p <0.01, *** =p <0.001).

MEAN Summer air Summer soil Winter air Winter soil Evaporation
temperature temperature temperature temperature (log-
offset (°C) offset (°C) offset (°C) offset (°C) transformed,
mm/year)
Mean annual -0.13 -1.57 #*x* 0.29 ** 0.41 * -
macroclimate
temperature (MAT)
©0)
Intermediate forests 0.26 - - - -
Open forests 0.60 * - - - -
Distance to the edge -0.08 * -0.22 *** -0.09 *** -0.08 *** -0.09 **
(log-transformed, m)
MAT x Distance 0.07 ** - - - -
MAT x Intermediate - - - - -
MAT x Open - - - - -
Intermediate X -0.04 - - - -
Distance
Open x Distance -0.14 * - - - -
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Interestingly, edge-to-interior gradients for the mean summer air offset were impacted by both
management as well as macroclimate (Table 1, Figure 3A). In summer, the mean air offset in open
forests was lower than in dense forests, but, as shown by the interaction between management type
and distance, dense forest edge zones showed a strong temperature offset directly at the edge and a
more gradual decrease in offset towards the interior (Table 1, Figure 3A). In open forests, on the
other hand, there was a steep decrease in offset between edge and interior. Edges in open forests were
thus subject to a reduced offset capacity and a stronger edge impact (Figure 3A: effect of
management type X distance shown in the different subpanels). Secondly, as demonstrated by the
significant interaction between the distance to the edge and MAT, the cooling of mean temperatures
in forest edge zones was more intense in warmer, southern regions but edge-to-interior gradients in
colder, northern regions were steeper and stabilized farther into the forest interior (Figure 3A: effect
of MAT x distance shown by the different colours). In sum, the strongest reduction of mean summer
sub-canopy temperatures could be found in dense forests located in warm regions, whereas in open
forests offsets were lower and the depth of edge influence was higher. We found that offsets up to
12.5 - 36.5 m from the edge were significantly different from the offset in the forest interior (99.5 m
from the edge) for the minimum summer air temperature and the mean and maximum air temperature

in winter (Table 2).



>

; Dense forests Intermediate forests Open forests
6'- &
-
+— @
2 |
£ [ '
g |° ‘ 1
s}
22 MAT (°C)
g s
4 * 15.0
E 1~ . . 125
% - 2 o % 10.0
g 3 K @ 75
o o
E L]
- ) i
Q & &
E Q0 O.
E * L] . L
= L]
(2] P ) @ .
4 * ¢
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Edge distance (m)
B c
— 2.51
o |
' 751
[7}] o
% . * b ﬁ o
O @ L . © o
2 o =
E (o) ) [ © o
e (20 5 2 ° E 501 o
E S @ - 2 E @
L e o © —
= 5 @ ® 3 = °©
=) i ° e * =]
] ol ° h ) = o %
= ? @ o9 .09 E ]
8 2.5 g & ® § % °© o
E 3 > & “
- O\SQ)M © ® w
@ @ <
E .} ® s & o
E e v . S -4
(2] o 3 @ &
5.0/ o = 0 °
0 25 50 75 100 0 25 50 75 100
370 Edge distance (m) Edge distance (m)
371 Figure 3: Predictions of the mean air temperature offset (°C, panelA) and soil temperature offset (°C, panel B) during the summer and
372 the evaporation (mm per week, panel C) (mean and 95 % prediction intervals) as function of the distance to the edge (m). The different
373 subpanels in A show the effect of the different management intensities. The lines show the model predictions of the significant
374 interaction between edge distance and management, as well as between mean annual temperature (MAT, °C) and distance to the edge
375 for the mean summer air temperature offset. The colours of the lines in panel A and B represent three distinct macroclimates (cold,
376 intermediate and warm) within the studied macroclimate gradient. The dots in panel A and B represent the raw data points and their
377 colour shows the mean annual macroclimate temperature outside the forest (MAT, °C); a small amount of jittering was added along

378 the x-axis to improve clarity.
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Figure 4: Predictions of the mean air temperature offset (°C, panel A) and soil temperature offset (°C, panel B) during the winter

(mean and 95 % prediction intervals) as function of the distance to the edge (m). The colours of the lines represent three distinct

macroclimates (cold, intermediate and warm) within the studied macroclimate gradient. The dots represent the raw data points and

their colour shows the mean annual macroclimate temperature outside the forest (MAT, °C); a small amount of jittering was added

along the x-axis to improve clarity.



386 Table 2: Depth of edge influence (m) (i.e. distance up to which the temperature offset was significantly different from the offset

387 detected in the forest interior at 99.5 m from the edge) of the different temperature metrics (all in °C) during winter and summer.

Temperature metric Depth of edge influence Depth of edge influence

388

air temperature

soil temperature

In summer

Minimum
temperature
offset

Between 12.5 and 36.5 m

Between 1.5 and 4.5 m

Mean
temperature
offset

Between 4.5 and 12.5 m

Between 1.5 and4.5 m

Maximum
temperature
offset

Between 1.5 and 4.5 m

Between 1.5 and 4.5 m

In winter

Minimum
temperature
offset

Between 1.5 and 4.5 m

No edge influence

Mean
temperature
offset

Between 12.5 and 36.5 m

Between 1.5 and 4.5 m

Maximum
temperature
offset

Between 12.5 and 36.5 m

Between 4.5 and 12.5 m




389 Table 3: The impact of local site characteristics (forest structure and composition, forest floor-biomass and soil texture) and regional
390 landscape characteristics and macroclimate on the mean offset (°C) of air and soil temperatures during summer and winter, and the
391 evaporation. The effects for Tmin and Tmax can be found in the appendix (Supplementary table B3). The direction of the effect is
392 shown with arrows and the significance is indicated with asterisks (* = p < 0.05, ** =p <0.01, *** = p <0.001). MST = mean seasonal

393 temperature. Explanatory variables without any significant effect were removed from the table.

Summer air Summer soil Winter air Winter soil Evaporation (log-
temperature temperature temperature temperature transformed)
offset (°C) offset (°C) offset (°C) offset (°C) (mm/year)

Plant area index L i*** LFEE l*** -

“)

Canopy height - - ¥ - -
(m)

Shade casting L** - - - 1*
ability (-)

Canopy closure LFFE* L* 1 %% - LEEE
(%)

Basal area - - - _ 1k
(m?/ha)

Plant area index - - _ gk B
shrub layer (-)

Forest-floor - - 1 PRk ~
biomass (kg/m?)

MST - kel - - _
macroclimate

outside forests

(9]

Northness (-) - - L - -

Forest cover (%) - - L - -

394

395 Inasecond set of models (Table 3 and Supplementary table B3), we studied the impact of regional
396 and local site features on the offset and evaporation. During the summer, forest structural metrics
397  were the main drivers of the cooling of mean and maximum temperatures in forest edge zones. In
398  general, under canopies with a high plant area index and dense canopy closure there was a stronger,
399  more negative, offset of mean and maximum temperatures in both air and soil (Figure 5a and 5c).
400  Furthermore, the canopy species composition also controlled air temperature offsets, with an
401  enhanced cooling (i.e. more negative offset) under trees with a high shade casting ability (Figure 5b).
402  For soil summer temperatures, we also found a strong negative effect of the summer soil macroclimate

403  on the mean and maximum soil temperature offsets in forests. The macroclimate was an important
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driver of the minimum soil summer offset as well. Minimum air temperature offsets, on the other
hand were more positive in open forests and forests located in areas with warm summers, but
decreased in forests with a dense shrub layer. In short, mainly forest structure, and for soil
temperatures also the macroclimate, were important drivers of the summer offset. Likewise, forest
structure was an important regulator of the evaporation in forest edge zones. Evaporation was higher

in open forests (Figure 5d) dominated by trees with a low shade casting ability (Table 3).

The plant area index remained an important driver of the winter offsets, though the importance of the
different drivers shifted in this season (Table 3 and Supplementary table B3). Other drivers such
as slope, northness or canopy height were found to have a significant impact on the winter offset too.
Finally, also the forest-floor litter and humus biomass played a key role in the establishment of a
winter forest microclimate; a higher biomass in the humus and litter layer had an important positive
effect on the mean and maximum offsets in the soil (i.e. more positive offset, Figure 5e), and to a

lesser extent in the air during the winter.
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Figure 5: Relationships between the offset and evaporation, and explanatory forest characteristics. Dots represent observations of the

average air offset (°C) in summer in light blue, the evaporation (mm per week) in black or the average soil offset (°C) in winter in

orange. Positive offset values indicate warmer temperatures in the forest whereas negative offsets represent cooler forest edge zones in

comparison to free-air temperatures. The black lines show linear regressions with their 95% confidence intervals shaded in grey.
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4. Discussion

4.1 Microclimatic changes across forest edges
Across Europe, we found that summer temperatures were generally more than 2°C cooler inside forest

edge zones. Maximum soil and air forest summer temperatures were on average cooler, whereas
minimum summer temperatures were warmer in comparison to free-air temperatures. Altogether,
forests were subject to a significant buffering (i.e. dampening of macroclimatic temperature variations
(De Frenne et al., 2021)), or thus fewer extreme temperatures and a lower temperature variability
during the summer (De Frenne et al., 2019; Zellweger et al., 2019). Moreover, we showed that
summer air and soil temperatures in the forest interior experienced a stronger buffering of mean and
warm ambient temperatures in comparison to forest edges. In addition to a cooling of warm
temperatures also evaporation was reduced in the interior. Increasingly cooler temperatures and a
higher humidity towards the forest interior are often observed patterns in forest patches which can be
attributed to a diminution of direct solar radiation and changes in wind conditions (Matlack, 1993;
Davies-Colley et al., 2000; Hylander, 2005; Schmidt et al., 2019). Indeed, temperature and humidity
are strongly correlated and can be linked with steep edge-oriented light gradients in forest edge zones
(Matlack, 1993; Chen et al., 1995; Davies-Colley et al., 2000; Kovéacs et al., 2017; Li et al., 2018). In
addition, since minimum summer temperatures were higher inside the forest and increased towards
the interior, also extreme summer temperatures were better buffered (i.e. macroclimatic fluctuations

were reduced) in the interior compared to edges in our study.

During winter, we found a negative impact of edge distance on the offsets as well. Mean and
maximum offsets dropped towards the interior, resulting in cooler forest interiors relative to open
areas and edges. However, directly at the edge and especially in the soil, winter offsets were mainly
positive. So, in winter, forest edge zones were often warmer than ambient air temperatures. Warmer
temperatures in forests during winter and night have been observed before (Chen et al., 1995;
Aussenac, 2000; Zellweger et al., 2019), but our results showed that this warming effect was mainly
apparent in forest soils and near the edge. In the soil, positive offsets in winter might be due to the

presence of an insulating layer of snow and/or litter (Bartlett, 2004; Graae et al., 2012; Fekete et al.,
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2016). Deeper snow or thicker litter layers might build up near forest edges. Snow build up can result
from a higher canopy openness near the edge; or due to abrupt vegetation changes and the presence
of shrubs windblown snow and leaves might be trapped near edges and buffer soil temperatures
(Feeley, 2004; Vasconcelos and Luizao, 2004; Mellander et al., 2005; Myers-Smith et al., 2011).
Secondly, warming near the edge could also be due to heating of the soil, and subsequently via a heat-
flux the air above, due to more incoming solar radiation in leafless deciduous forests in winter and

via lateral penetration at the forest edge (Chen et al., 1995; Davies-Colley et al., 2000).

Macroclimate: temperatures outside forests also influence offsets
We found that the macroclimate interacted with edge distance: MAT positively affected the edge-to-

interior gradients in minimum, maximum and mean summer air temperature offset and, on the
contrary, had a negative impact on the maximum soil temperature offset during winter. For summer
air temperatures, the cooling of mean and maxima was strongest at the edge in warm regions but
differences diminished towards the interior as the slope in offset was steeper in cold regions.
Minimum summer air temperatures, on the other hand, were warmer in the interior and edge-to-
interior gradients stronger at more southern latitudes. Forests in warm, southern European regions
thus experienced the strongest reduction in temperature variability, especially in the forest interior. A
stronger buffering in warmer macroclimates is a worldwide phenomenon related to, among others,
seasonal effects, evapotranspiration and solar radiation inputs (De Frenne et al., 2019), showing that
forests could form temporary local microclimatic refugia under globally rising temperatures and
during heat waves. The main novelty here was the interaction with the distance to the forest edge and
that differences in offsets between regions were already present directly at the forest edge. In winter,
maximum soil temperatures were higher near the edge in warm regions whereas the edge-to-interior
gradients were almost absent in cooler regions. We therefore hypothesize that warmer soil
temperatures might be driven by heat accumulation in the soil near the edge, especially in warm
regions, or the buffering effect of a snow cover in northern areas (Chen et al., 1995; Davies-Colley et

al., 2000; Myers-Smith et al., 2011).
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Forest management
Forest management also affected edge-to-interior patterns in the mean summer air offset (i.e. open

forests generated only a low temperature offset near the edge but were characterized by steeper
gradients in temperature). From the edge to interior, the offset in open forests increased from -2.1 to
-2.7°C. In dense forests nonetheless, temperatures were already strongly reduced at the edge with an
average offset of -2.8°C and reached mean values of -3.1°C in the interior. The average offset in
dense edges was similar to the average offset in open forest interiors. Dense forests were characterised
by a steep temperature drop at the edge, which can be caused by abrupt gradients in vegetation
structure between forest and adjacent land uses (Harper et al., 2005; Hofmeister et al., 2019). Dense
edge zones are, however, strong thermal insulators and establish smoother and weaker edge-to-
interior gradients, attributable to a higher complexity and a closed side-canopy protecting against
incoming radiation (Matlack, 1993; Aussenac, 2000; Kovacs et al., 2017; Ehbrecht et al., 2019).
Steeper gradients, extending deeper towards the interior might manifest in intensively thinned forests

due to the lack of a side-canopy and higher openness.

Impact of edge-to-interior gradients
Edge influences in air temperature offsets were detected up to 12.5 m from the edge. Soil temperature

offsets were less sensitive to edge impact (significant differences up to only 4.5 m) and stabilized at
shorter distances as they are better buffered against temperature fluctuations, mainly depend on the
direct effect of soil heating and are less impacted by ambient conditions (i.e. air-mixing and transfer
of warm air from adjacent agricultural lands) (Chen et al., 1995; Davies-Colley et al., 2000; Li et al.,
2018). Edge influences were somewhat smaller but in accordance with previous studies suggesting
impacts up to approximately 40 - 50 m (Saunders et al., 1999; Davies-Colley et al., 2000; Schmidt et
al., 2019). We consider our estimates as rather conservative since, firstly, edge influences can vary
throughout the day and depend on weather conditions (Baker et al., 2014; Li et al., 2018). Second,
edge influences might also reach deeper into the forest although the effect is not significant or might
extend beyond the significant difference detected (i.e. lie somewhere between 12.5 and 36.5 m, our

next sample point). Third, it might be possible that microclimatic gradients are deeper than those
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investigated in our set-up (i.e. more than 100 m); especially as our study design composes of southern
forest edges in the northern hemisphere which are known to have deeper edge influences than north-

oriented edges (Matlack, 1993; Chen et al., 1995; Hylander, 2005; Orczewska and Glista, 2005).

Considering an edge depth of 12.5 m and a total cumulative edge perimeter of roughly 9.4 billion m
for European deciduous forests (Meeussen et al., 2021), at least 11.7 million ha of broadleaved forest
in Europe are subject to edge influences in temperature. This is approximately 10% of the total area
of broadleaved forests of the European continent and the result of severe fragmentation and land-use
changes. As forests harbour the majority of terrestrial biodiversity (MEA, 2005), up to 80% of the
plant species richness in temperate forests is associated with the understorey (Gilliam, 2007), forest
fragmentation, apart from degradation and habitat loss, might form a threat to biodiversity. Our results
indicated that edge microclimates differ considerably from interior microclimates and therefore will
not support all organisms thriving in forest interiors. Due to their warm and open microclimate, edges
are often dominated by warmth-loving and light-demanding generalists and can harbour a lower
phylogenetic biodiversity than forest interiors (Honnay et al., 2002; Pellissier et al., 2013; Pfeifer et
al., 2017; Govaert et al., 2020; De Pauw et al., 2021). Nevertheless, edges themselves can be valuable
as well and management to maintain edges open might be important as they are biodiversity hotspots
and vital habitat types for certain species, in particular those that depend on half-open woody sites
and warmer microclimates (Duelli et al., 2002; De Smedt et al., 2019). Not only biodiversity will be
impacted by edge influences; spatial fluctuations in temperature will affect ecosystem functioning
and processes in edge zones such as litter decomposition or carbon drawdown (Riutta et al., 2012;

Fekete et al., 2016; Schmidt et al., 2019; Meeussen et al., 2021).

4.2 Drivers of forest edge microclimates
Canopy cover and composition are known as key drivers of sub-canopy temperatures (Matlack, 1993;

Aussenac, 2000; De Frenne et al., 2013; Frey et al., 2016; Zellweger et al., 2019). We showed that

vegetation structure and composition (i.e. shade casting ability) were important drivers of multiple
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offset metrics in forest edge zones as well. In general, a higher plant area index and canopy closure
reduced both minimum and maximum air temperatures. Moreover, both explanatory variables might
also drive the stronger offset in forest interiors since both plant area index and canopy closure
increased from edge to interior (Meeussen et al., 2020). Forests with a high plant area index are
usually composed of a dense and multi-layered canopy with a high foliage biomass (Gower et al.,
1999; Kalacska et al., 2005). Dense canopies will intercept, absorb, reflect and emit radiation and
subsequently buffer both heating and cooling of understorey temperatures (Aussenac, 2000; Li et al.,
2018). Moreover, wind speed and patterns are altered under dense canopies, potentially causing an
even stronger offset between micro- and macroclimate (Aussenac, 2000; Renaud et al., 2011). A
complex and diverse stand structure, such as in old-growth forests or forests with a high diversity in
tree sizes and species, has therefore been advised for the creation of stable forest microclimates (Frey
et al., 2016; Kovécs et al., 2017; Ehbrecht et al., 2019). Kovécs et al. (2017) also suggested that,
besides an additional shading effect, vertical complexity would contribute to microclimatic buffering
by reducing the evaporation and increasing the humidity. We could, however, not find an impact of
plant area index, or thus foliage density on the evaporation. A high canopy closure and shade casting
ability did, however, reduce evaporation. This indicates that the penetration of direct radiation to the
forest floor via gaps in the canopy might be a stronger predictor of the integrated air humidity, besides
temperature, inside forests (Ehbrecht et al., 2019; Zellweger et al., 2019). Species composition further
affected the thermal buffering capacity of forests: we found that both mean and maximum summer
temperatures were lower in plots with more shade casting species (e.g. Fagus sylvatica) (Zellweger

etal., 2019).

During the winter months, forest structural metrics were still found to drive the offset, however, also
landscape characteristics and the forest-floor biomass were shown to play a vital role in regulating
forest temperatures (Greiser et al., 2018; Zellweger et al., 2019). The impact of forest structure on the
winter offset must be interpreted with caution as all structural metrics were determined during the

growing season and some of them (e.g. canopy openness) are subject to seasonal variation in
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deciduous forests. However, even after leaf shedding, woody structural elements might still affect
sub-canopy temperatures via lateral shading or by affecting wind patterns near the edge (Bramer et
al., 2018; Greiser et al., 2018). On the other hand, our results supported the fact that this impact will
be less pronounced in winter than during the growing season and therefore microtopography and
other landscape characteristics can gain importance in regulating forest winter temperatures (Greiser
et al., 2018; Zellweger et al., 2019). Winter soil and air temperatures were higher in edge zones with
a thick forest-floor biomass. Changes in soil and forest floor colour will affect albedo and heat
accumulation (Bonan, 2008). A thick litter layer might also form a protecting layer on top of the soil,
moderating extreme temperatures and subsequently microbial processes and carbon, water and
nutrient fluxes (Ogée and Brunet, 2002; Fekete et al., 2016; Kovacs et al., 2017; Meeussen et al.,
2021). During the winter, microtopography also affected the offset. Terrain features, besides
vegetation structure, are known to determine local temperatures and thus also winter forest
microclimates via, for instance, local variability in solar radiation, cold-air pooling in depressions or

wind exposure (Frey et al., 2016; Aalto et al., 2017; Bramer et al., 2018; Davis et al., 2019).

4.3 Impacts and forest management guidelines
We demonstrated that edge influences cannot be ignored in microclimate studies, and that edge

influences interacted with macroclimate and management. Our results further fill the knowledge gap
on how forest edges affect microclimatic buffering on a continental scale, improve microclimatic
mapping and contribute to future microclimatic analyses and the impact of global change on forest-

dwelling organisms; all key questions related to microclimate research (De Frenne et al., 2021).

Land-use change, in conjunction with forest degradation and fragmentation are increasing the
proportion of forest edges globally (Haddad et al., 2015; Riitters et al., 2016) and thus the impact of
the physical environment on forests. In combination with warming worldwide, the potential for forest
interiors to host and protect forest-dwelling organisms is threatened and therefore gaining importance
(De Frenne et al., 2013, 2019; Frey et al., 2016). To maintain interior microclimates and their

associated species, and to sustain short-term microclimatic refugia, fragmentation of large and old
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forests should thus be avoided. Also, large-scale management practices, homogenizing forest stands
and creating interior edges and large canopy gaps, could better be replaced by small-scale cuts or
even single tree-selection systems (Frey et al., 2016; Hofmeister et al., 2019). Not only management
interventions might strongly increase sub-canopy temperatures but also disturbances such as
droughts, storms and insect outbreaks are predicted to increase in abundance and severity (Seidl et
al., 2017). Large-scale disturbances can damage forest canopies, reduce their insulating effect and
therefore threaten forest interior habitats and cause a shift in species composition (Stevens et al.,
2015). If cool and moist forest understories are desired to shelter forest interior specialists; smaller
forests, harbouring important species, could be protected by a buffer zone (i.e. an additional forested
edge area around the patch to maintain stable interior conditions in the forest patch) of at least 12.5
m deep, and via edge densification (i.e. creating a multi-layered edge with a low canopy openness
and high foliage density) (Matlack, 1993; Li et al., 2018). Finally, also planting species near the edge
which cast a deep shade on the forest floor (Zellweger et al., 2019) or aiming for a diverse mix of
shrubs and shade tolerant species forming gradual and dense side canopies in forest edges (Mourelle
et al., 2001; Niinemets, 2010; Jucker et al., 2015), might ameliorate microclimatic conditions and
buffer climate-change impacts in forests. To end, we note that there are many edge-related species
which do not prefer cool and humid forest microclimates. Highly-structured forest edge zones,
forming a gradual transition between forest and adjacent lands, are important habitats themselves for
many species (e.g., plants, butterflies, birds and insects) (Duelli et al., 2002; Lindgren et al., 2018).
Moreover, it should be kept in mind that also several typical forest herbs can benefit from temporary
higher light availability after natural disturbances and local gaps resulting from natural forest

succession or management interventions (Hilmers et al., 2018).
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Supplementary information: Microclimatic
edge-to-interior gradients of European
deciduous forests

Appendix A: Additional information material and method section

Figure Al: Set-up of the temperature sensors. Left: pole with radiation sheet, covering the air temperature data logger. Right: soil

logger protected by a plastic tube (here at the surface, normally buried at a depth of 5 cm).



888 Table A1: Shade casting ability scores for the tree and shrub species present in the dataset (one denotes a very low shade casting ability,

889 whereas five reflects the opposite). The shade casting ability scores were adapted from Verheyen et al. (2012) and Govaert et al. (2020).

891

Species Shade casting Ligustrum vulgare 3
ability Malus sylvestris 2
Acer campestre 3 Ostrya carpinifolia 4
Acer monspessulanum 4 Phillyrea latifolia 3
Acer opalus 4 Picea abies 4
Acer platanoides 4 Pinus sylvestris 1
Acer pseudoplatanus 4 Populus canadensis 2
Aesculus hippocastanum 4 Populus tremula 2
Alnus glutinosa 3 e . 3
Alnus incana 3 Prunus padus 3
Arbutus unedo 3 Prunus serotina 3
Betula pendula 1 Prunus spinosa 3
Betula pubescens 1 Pyrus communis subsp. 2
Carpinus betulus 5 pyraster
Castanea sativa 3 Quercus cerris 3
Cornus mas 2 Quercus ilex 4
Cornus sanguinea 2 Quercus petraea 3
Corylus avellana 3 Quercus pubescens 3
Crataegus laevigata 3 Quercus robur 2
Crataegus monogyna 3 Quercus rubra 3
Cytisus scoparius 2 Salix caprea 2
Erica arborea 2 Salix spec. 2
Erica scoparia 2 Sambucus nigra 3
Fagus sylvatica 5 Sorbus aucuparia 2
Frangula alnus 3 Sorbus domestica 2
Fraxinus excelsior 3 Sorbus torminalis 2
Fraxinus ornus 3 Tilia cordata 4
llex aquifolium 5 Ulmus glabra 4
Juglans regia 3 Ulmus minor 3
Juniperus communis 2 Viburnum opulus 3

890



892 Appendix B: Additional information results section
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894 Figure B1: Overview of the mean monthly air temperature offsets (°C) per season in the nine different regions, shown in the subpanels

895 from southern (upper left corner) to more northern regions (bottom right corner).
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906 Figure B2: Overview of the variation in evaporation across all plots (n = 201).
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Table B1: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT,

from the reference sensors), forest management type and distance to the edge and their interaction effects on the maximum offset of

air and soil temperatures during summer and winter. Dense forests were used as the reference management type. The coefficient

estimates of the models are given and the significance of the effect is indicated with asterisks (* = p < 0.05, ** =p < 0.01, *** =p <

0.001).

MAXIMUM

Summer air
temperature

offset (°C)

Summer soil
temperature
offset (°C)

Winter air
temperature
offset (°C)

Winter soil
temperature
offset (°C)

Mean annual macroclimate
temperature (MAT) (°C)

-0.42

-1.45 *

0.36

Intermediate forests

Open forests

Distance to the edge
(log-transformed, m)

-0.64 ***

-0.41 ®**

-0.57 *xx*

-0.14 *xx

MAT x Distance

0.31 *

-0.06 *

MAT X Intermediate

MAT x Open

Intermediate x Distance

Open x Distance

Table B2: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT,

from the reference sensors), forest management type and distance to the edge and their interaction effects on the minimum offset of air

and soil temperatures during summer and winter. Dense forests were used as the reference management type. The coefficient estimates

of the models are given and the significance of the effect is indicated with asterisks (* = p < 0.05, ** =p < 0.01, *** = p <0.001).

MINIMUM

Summer air
temperature

offset (°C)

Summer soil
temperature
offset (°C)

Winter air
temperature
offset (°C)

Winter soil
temperature
offset (°C)

Mean annual macroclimate
temperature (MAT) (°C)

0.02

0.41 *

0.55 ***

Intermediate forests

Open forests

Distance to the edge
(log-transformed, m)

0.171 ***

0.06 ***

MAT x Distance

0.05 **

MAT x Intermediate

MAT x Open

Intermediate X Distance

Open x Distance
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Table B3: The impact of local site features (forest structure and composition, the forest-floor biomass and soil texture) and regional

landscape characteristics and macroclimate on the Tmax (average maximum temperature offset, °C) and Tmin (average minimum

temperature offset, °C) of the air and soil temperature during summer and winter. The direction of the effect is shown with arrows,

whereas the significance is indicated with asterisks (* = p < 0.05, ** =p <0.01, *** = p <0.001). MST = mean seasonal temperature.

Explanatory variables without any significant effect were removed from the table.

Summer air

Summer soil

Winter air

Winter soil

temperature temperature temperature temperature
offset (°C) offset (°C) offset (°C) offset (°C)

Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin
Plant area index (_) l*** T*** l*** l*** l*** T*** l*** l*
Canopy height (m) - - - - - L** R -
Shade casting ability L™ - - - - - 1% -
Q)
Canopy closure (%) L EE* 1 oHE* L* - - - - -
Plant area index - LEEE - - - L** 1* Hk
shrub layer (-)
Forest-floor biomass - - - - 1% - p s Pk
(kg/m?)
Distance to coast - - - - 1* - - -
(km)
MST macroclimate - T* l*** l*** _ T* 1. _
outside forests (°C)
Slope (°) - - _ _ [EEE EEE e _
Northness (-) - 1% - - L - K _
Forest cover (%) - - - 1* - - - -
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Appendix C: Comparison of macroclimatic data obtained from our reference sensors

placed outside the forests with gridded macroclimate data (ERAYS)

To make sure our macroclimate data obtained via the reference sensors outside the forest, did not
affect the temperature offset metrics (= temperature inside forest minus macroclimatic temperature
outside forests), we compared the macroclimatic temperature outside the forests determined with our
reference sensors with the ERAS5S-Land hourly data from the same period. ERAS is a gridded

macroclimate layer at 0.1° x 0.1° resolution and available for 1981 to present (Mufioz Sabater, 2019).

Macroclimatic data obtained from our reference sensors placed outside the forests correlated well
with gridded macroclimate data (ERAS) (Figure C1). We especially found warmer conditions in
maximum temperatures when the refence loggers outside the forests were used (as indicated by the
positive intercept in Figure C1). Since this is a very consistent and almost constant warming effect,
this is probably related to the passive radiation shield (i.e. insulating effect due to insufficient
ventilation and higher warming rates). However, irrespective of a possible bias, the same shield was

applied everywhere across all plots.

To check the sensitivity of our results, we also computed the offset based on the temperature data
from ERAS instead of using the reference loggers and repeated the modelling with our design
variables as predictors and the mean, maximum and minimum temperature offset as responses.
Results can be found in Table C1. These sensitivity analyses confirm the robustness of our main
findings regarding the drivers of forest edge microclimate. We decided to use our own open-air
reference sensors to calculate all offsets for the main text analyses because these sensors were always
placed in the immediate vicinity of our forests and because such measurements have been shown to

be most reliable in forests (Maclean et al., 2021).
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947 Figure C1: Comparison of the seasonal (summer, autumn, winter and spring) macroclimatic air temperatures using our reference
948 sensors and the seasonal macroclimatic temperatures based on the ERAS-Land hourly data from the same period (Mufioz Sabater,
949 2019). Dots represent the individual reference sensors, the colours represent the average seasonal maximum (red), mean (grey) or

950 minimum (blue) temperature with in grey shaded their confidence intervals. Additionally, the 1:1 reference line is shown in black.
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Table CI1: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT,
from the reference sensors), forest management type (= dense, intermediate or open) and distance to the edge and their interaction
effects on the mean, minimum and maximum air temperature offset during summer and winter, calculated using the ERAS-Land hourly
data as reference temperature data for the open area outside the forest. Dense forests were used as the reference management type. The
coefficient estimates of the models are given and the significance of the effect is indicated with asterisks (* = p <0.05, ** = p <0.01,

ik =p <0.001).

Summer Winter Summer Winter max. Summer Winter min.
mean air mean air max. air air min. air air
temperature temperature temperature temperature temperature temperature
offset (°C) offset (°C) offset (°C) offset (°C) offset (°C) offset (°C)

MAT (°C) -0.97 -1.46 *** -0.49 - -1.02%* -1.59 *xx*

Intermediate 0.23 - - - - -
forests
Open forests 0.58

Distance to -0.08 * -0.09 **x* -0.61 *** -0.57 ®** 0.17 *** 0.07 ***
the edge (m,

log-

transformed)

MAT x 0.06 * - 0.28 * - 0.05 ** 0.03 *
Distance

MAT x - - - - - -
Intermediate

MAT x Open - - - - - -
Intermediate -0.03 - - - - -

x Distance

Open x -0.14 * - - - - -
Distance
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