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Abstract 38 

Global forest cover is heavily fragmented. Due to high edge-to-surface ratios in small forest patches, 39 

a large proportion of forests is affected by edge influences involving steep microclimatic gradients. 40 

Although forest edges are important ecotones and account for 20% of the global forested area, it 41 

remains unclear how biotic and abiotic drivers affect forest edge microclimates at the continental 42 

scale. Here we report soil and air temperatures measured in 225 deciduous forest plots across Europe 43 

for two years. Forest stands were situated along a latitudinal gradient and subject to a varying 44 

vegetation structure as quantified by terrestrial laser scanning. In summer, the average offset of air 45 

and soil temperatures in forest edges compared to temperatures outside the forest amounted to -2.8°C 46 

and -2.3°C, respectively. Edge-to-interior summer temperature gradients were affected by the 47 

macroclimate and edge structure. From the edge onwards, larger offsets were observed in dense forest 48 

edges and in warmer, southern regions. In open forests and northern Europe, altered microclimatic 49 

conditions extended deeper into the forest and gradients were steeper. Canopy closure and plant area 50 

index were important drivers of summer offsets in edges, whereas in winter also the forest-floor 51 

biomass played a key role. Using high-resolution maps, we estimated that approximately 10% of the 52 

European broadleaved forests would be affected by altered temperature regimes. Gradual transition 53 

zones between forest and adjacent lands are valuable habitat types for edge species. However, if cool 54 

and moist forest interiors are desired, then (i) dense and complex forest edges, (ii) an undisturbed 55 

forested buffer zone of at least 12.5 m deep and (iii) trees with a high shade casting ability could all 56 

contribute to an increased offset. These findings provide important guidelines to mitigate edge 57 

influences, to protect typical forest microclimates and to adapt forest management to climate change.  58 
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1. Introduction 62 

Global temperatures have increased by approximately 1°C in the past century and are expected to rise 63 

further (IPCC, 2018). However, at local scales such as in forest stands, worldwide warming trends 64 

might  be less pronounced and climate-change impacts on forest organisms living in the understory 65 

partly dampened (Bertrand et al., 2011; De Frenne et al., 2019; Zellweger et al., 2020). Indeed, the 66 

forest microclimate, the local climatic conditions below tree canopies, can differ considerably from 67 

the regional climate due to terrain features or vegetation structure and composition (Chen et al., 1999; 68 

Geiger et al., 2009), and therefore do not necessarily follow the same trends as regional temperature 69 

increases. Due to the shading and evaporation of the vegetation canopy, forest-floor organisms 70 

receive less light, less extreme temperatures and thereby a lower temperature variability throughout 71 

the day and year in comparison to open areas (Chen et al., 1995; De Frenne et al., 2019; Zellweger et 72 

al., 2019). Understorey organisms can even experience an offset which is greater than the warming 73 

rates of air temperatures in the past decades (Frey et al., 2016; De Frenne et al., 2019). Considering 74 

forest microclimates are therefore important because they ultimately regulate the survival, growth 75 

and dispersal of forest-dwelling organisms and affect important forest ecosystem processes such as 76 

tree regeneration, and carbon and nutrient cycling (Aussenac, 2000; Riutta et al., 2012; Chen et al., 77 

2018; De Frenne et al., 2021). Moreover, microclimatic conditions determine the community 78 

composition and might explain why certain communities lag behind macroclimate and not 79 

microclimate warming (De Frenne et al., 2013, 2015; Stevens et al., 2015; Zellweger et al., 2020). 80 

Even within forests, large differences in incoming radiation, wind speed and direction, temperature 81 

and humidity occur at short spatial scales. Such local gradients in microclimatic conditions are 82 

especially pronounced near forest edges. These transition zones between forests and adjacent open 83 

land are characterised by strong inflow of warm or cool air, depending on the season and time of the 84 

day (Harper et al., 2005; Schmidt et al., 2017). Especially due to steep changes in vegetation structure 85 

and composition (Harper et al., 2005; Meeussen et al., 2020), forest edge zones are characterized by 86 

environmental gradients that can extend up to 100 m into the forest interior (Harper et al., 2005; 87 



Schmidt et al., 2017). For instance, during the summer, temperature and light levels decrease whereas 88 

the relative air humidity increases from the edge towards the forest interior (Matlack, 1993; Davies-89 

Colley et al., 2000; Schmidt et al., 2017). This makes transition zones more susceptible to temperature 90 

extremes and drought stress in comparison to forest interiors. Altered microclimatic conditions in 91 

forest edges, from warm and dry at the edge to cool and moist in the interior, consequently create 92 

gradients in understorey biodiversity and induce the establishment of typical habitats for edge-loving 93 

vegetation and organisms (Magura, 2002; Ries et al., 2004; De Smedt et al., 2019; Govaert et al., 94 

2020; De Pauw et al., 2021). Furthermore, they change ecosystem functioning and the provisioning 95 

of services such as carbon stocks and cycling (Remy et al., 2016; Meeussen et al., 2021). Forest 96 

microclimates have long been studied (Geiger et al., 2009; Schmidt et al., 2019), however, we still 97 

lack an assessment of the relative importance of local and regional drivers on the spatiotemporal 98 

variation of forest edge microclimates at the continental scale. 99 

As a result of large-scale fragmentation, more than 20% of the global forest surface is situated within 100 

100 m of a non-forested matrix (Haddad et al., 2015). In Europe alone, the cumulative edge length of 101 

broadleaved forests amounts to 9.4 billion metres (Meeussen et al., 2021). A substantial extent of the 102 

forested area in Europe is thus subject to strong edge influences and consequently to environmental 103 

and ecological gradients penetrating deep into the interior of fragmented forest patches. Such edge 104 

influences, and their magnitude and depth of influence, are hitherto difficult to quantify as they can 105 

vary across the globe due to factors such as forest structure and composition (i.e. deeper edge 106 

influences in more open canopies) and macroclimate (i.e. stronger offsets in warmer climates) 107 

(Aussenac; 2000; De Frenne et al., 2019; Lembrechts and Lenoir, 2019). Therefore, it is important to 108 

gather information on how the drivers of edge-to-interior microclimatic gradients vary at a continental 109 

scale.  110 

Here we assessed air and soil temperature offsets and integrated cumulative evaporation (as a proxy 111 

for relative air humidity) in 225 plots in 45 European deciduous forest edges for two years. The forests 112 

differed in vegetation structure and complexity, and were situated along a latitudinal gradient from 113 



the Mediterranean to central Norway, crossing eight different countries. This study design enabled us 114 

to quantify the effect of macroclimate and edge structure on the spatiotemporal variation in 115 

microclimatic temperature offsets and evaporation from the edge of the forest towards the interior. 116 

We hypothesized to find strong gradients in temperature and evaporation as one moves away from 117 

the edge. Moreover, we expected temperature offsets to be strongest in warm, southern European 118 

regions and in forests with a dense edge structure, and to find effects of management and 119 

macroclimate on the edge-to-interior gradients in temperature. Secondly, to gain a more complete 120 

understanding of these patterns, we quantified the influence of several regional (landscape and 121 

macroclimatic) characteristics and local site conditions (i.e. forest structure, soil texture and forest-122 

floor litter and humus biomass). In particular, we expected that vegetation structure would play an 123 

important role on the forest microclimate, especially during the summer, enabling us to provide 124 

guidelines on how to protect forest interior microclimates.  125 



2. Material and Method 126 

2.1 Study design  127 

Data were collected in 45 ancient mesic deciduous forests, mainly dominated by oaks (Quercus robur, 128 

Q. petraea or Q. cerris), with Fagus sylvatica, Betula pubescens, Populus tremula, Ulmus glabra, 129 

Alnus incana and Carpinus betulus as other (sub)dominant tree species. The stands were situated 130 

along a 2300 km long south-north gradient across Europe. Along this latitudinal gradient, nine regions 131 

were selected from Central Italy up to Central Norway, covering a mean annual temperature 132 

difference of approximately 13°C (Figure 1). In three of the nine regions, Norway, Belgium and Italy, 133 

an additional elevational gradient with three levels (i.e. low, intermediate and high elevational sites) 134 

was established as well to capture climatic variation resulting from elevational differences (expected 135 

temperature difference ≈ 5.76°C; ICAO, 1993). In total, 15 sites (i.e. nine lowland, three intermediate 136 

and three high-elevational sites) were selected across Europe. 137 

138 

Figure 1: Overview of the study design with the macroclimatic gradients (latitude and elevation) and forest structural gradients 139 

(management and distance to the edge). Left: The nine regions (Central Italy, Northern Switzerland, Northern France, Belgium, 140 

Southern Poland, Northern Germany, Southern Sweden, Central Sweden and Central Norway) along the latitudinal gradient, including 141 

three additional elevational gradients (shown as white crosses on the map). Background map from: http://databasin.org. Middle: The 142 

three forest management types. Right: An example of a 100 m-long edge-to-interior gradient, whereby the forest edge is defined as the 143 

outermost line of tree trunks bordering the non-forested matrix. The forest interior is the forest area not characterized by edge 144 



influences, where abiotic and biotic conditions thus stay relatively homogenous. Figure after Meeussen et al. (2021), reproduced with 145 

permission.  146 

In all sites (n = 15), three forest stands were selected with a different structure and management type 147 

(Figure 1). The first type, referred to as ‘dense forests’, were always the most structurally complex 148 

stands. They had not been thinned for at least three decades or managed in the past ten years, and 149 

therefore comprised of a dense canopy (canopy openness < 10%), high basal area (> 20 m2 per ha) 150 

and a well-developed shrub layer. Intermediate forests, the second management type, were stands 151 

with a lower basal area (10-25 m2 per ha) and higher openness (5-30%), resulting from regular but 152 

not too recent (at least five to ten years before sampling) thinning events. The third and final 153 

management type represented ‘open forests’. These stands were even-aged with a simple structure 154 

without shrubs and a subdominant tree layer as they were intensively thinned one up to four years 155 

before sampling. Where possible, they were selected based on a low canopy openness (30-50%) and 156 

low basal area (< 10-15 m2 per ha). Further details on the study design, forest structure and site 157 

selection can be found in Govaert et al. (2020), Meeussen et al. (2020, 2021), De Pauw et al. (2021) 158 

and Sanczuk et al. (2021) as this paper is part of larger research project with a common same study 159 

design.  160 

In each of the 45 forest stands, we studied a 100 m-long gradient perpendicular to the forest edge 161 

(Figure 1). The edges all bordered a matrix of agricultural land and were approximately south-162 

oriented. Edge orientation was kept constant, because of its known impact on microclimate and depth 163 

of edge influence through exposure to direct radiation (Matlack, 1993; Chen et al., 1995; Murcia, 164 

1995). Along each edge-to-interior gradient, five 3 m by 3 m plots were established at predefined 165 

distances from the forest edge towards the core following an exponential curve (n = 225), as the 166 

strongest changes in microclimatic conditions were expected to occur near the forest edge. The centre 167 

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 168 

from the edge and three more plots were centred at 12.5 m, 36.5 m and 99.5 m from the edge (Figure 169 

1). The fifth plot, situated at approximately 100 m from the forest edge, was considered representative 170 



of the forest’s interior, a presumption in line with other studies finding the macroclimatic edge 171 

influences to dissipate within such a distance (Matlack, 1993; Young and Mitchell, 1994; Davies-172 

Colley et al., 2000; Schmidt et al., 2017).  173 

2.2 Data collection 174 
2.2.1 Microclimatic data 175 

We measured air and soil temperatures during two full years, from 1 June 2018 to 31 May 2020. Both 176 

air and soil temperatures were recorded at hourly intervals in each plot, using lascar temperature 177 

loggers (EasyLog EL-USB-1, accuracy at -35 to +80°C: ± 0.5°C). Air temperatures were measured 178 

at a height of 1 m above the forest floor. The sensors were attached to the north side of a wooden 179 

pole, which was placed in the centre of each plot, and were protected by plastic white radiation shields 180 

to avoid direct solar radiation on the sensors (Supplementary figure A1). For the soil temperature, 181 

we buried the loggers horizontally in the ground in a protective plastic tube at a depth of 5 cm and 5 182 

cm next to the wooden poles (Supplementary figure A1). This set-up, the combination of the pole 183 

with air and soil data logger, was installed in each plot (n = 450 sensors) and repeated outside the 184 

forest for each of the fifteen sites (n = 30 reference sensors). The latter to quantify fully open 185 

conditions outside the forest to obtain reference macroclimate conditions not influenced by the forest 186 

canopy. All these 30 reference sensors (i.e. one soil and one air data logger per site) were installed in 187 

open grasslands in the vicinity (generally within a radius of 5 km) of the respective forest edges. 188 

After data collection, time series were visually checked for outliers (e.g. due to uprooting of the soil 189 

loggers by wild boar, broken radiation shields and poles) by plotting and comparing them with the 190 

other time series of sensors within the same site or the reference sensors. Biased temperature 191 

measurements, showing deviating trends or clear outliers, were removed from the dataset and 192 

subsequently daily minima, maxima and mean temperatures were determined for each sensor. Next, 193 

we calculated the daily mean (Tmean), minimum (Tmin) and maximum (Tmax) temperature offset, 194 

which corresponds to the temperature difference between each of the temperature loggers located 195 

along the edge-to-interior gradient and the reference temperature logger located in open conditions 196 

(offset = edge-to-interior gradient location minus open reference location). Negative offsets thus 197 



depict cooler conditions inside the edge-to-interior gradient than in the open reference location, and 198 

vice versa. Finally, our daily temperature offset values were aggregated into monthly averages, and 199 

afterwards seasonal offsets (spring: March, April and May; summer: June, July and August; autumn: 200 

September, October and November; winter: December, January and February), if at least 50% of the 201 

data were available for that month/season. In the best case, we obtained 225 offset values (one per 202 

plot) for Tmean, Tmin and Tmax for both soil and air and during each season. To proceed, we mainly 203 

focused on the offset during winter and summer, as these seasons show the most contrasting patterns 204 

(Figure 2 and Supplementary figure B1). Due to missing data, we were unable to calculate the 205 

summer air offsets in 2 plots, and the summer and winter soil offsets in 22 and 7 out of the 225 plots, 206 

respectively, due to for instance logger malfunctioning or the uprooting of soil sensors. 207 

To quantify air humidity integrated over a longer time period, custom-built evaporometers were 208 

installed in May-June 2018. These evaporometers were narrow 50 cm long plastic tubes (diameter 14 209 

mm), cautiously sealed at the top with a plastic plug and at the bottom with an open cap covered by 210 

filter paper (Rotilabo®-Blotting papers, thick. 1.0 mm), functioning as Piche evaporometers 211 

(Papaioannou et al., 1996). The tubes were filled with c. 75 mL distilled water, weighted and carefully 212 

attached to the wooden pole with tape, at the north side and in such a manner that the tube hung 213 

vertically with its lower end 10 cm above the ground. After one month, the tubes were collected and 214 

again weighed to determine the water loss. The weight loss was finally converted to water evaporation 215 

in mm per week and served as a metric for the integrated, cumulative air humidity inside the forest 216 

over this period. Due to damaged filter paper in 24 tubes, 201 of the 225 measurement points were 217 

available for further analyses.  218 

2.2.2 Explanatory variables 219 
Local site characteristics 220 

Forest structure and composition 221 

The forest structure was quantified between May and July 2018. Primarily, we visually estimated the 222 

vertical species-specific cover of all shrub (1-7 m) and tree species (> 7 m) in the 3 by 3 m plots. The 223 

average shade casting ability (SCA) was determined per plot, based on the SCA-score of individual 224 



trees and shrubs weighted by their respective cover. The SCA is an expert-based and species-specific 225 

index, ranging between 1 and 5, describing the ability of trees and shrubs to cast low levels of shade 226 

(SCA close to one e.g. Betula pendula) or high levels of shade (SCA close to five e.g. Fagus sylvatica) 227 

(Verheyen et al., 2012). Species-specific SCA-scores were obtained from the literature (i.e. Verheyen 228 

et al., 2012 and Govaert et al., 2020) and are listed in the appendix (Table A1). Subsequently, in 229 

every plot, a larger circular plot with a 9 m radius was established. In these plots, the average diameter 230 

of all trees with a diameter at breast height (DBH, 1.3 m) larger than 7.5 cm were determined via two 231 

DBH measurements per stem, perpendicular to each other, using a caliper. Subsequently, we 232 

calculated the total basal area per hectare at plot level. Next, we used terrestrial laser scanning (TLS) 233 

to further map the complex three-dimensional structure of the forest (Calders et al., 2020); all 234 

technical details considering this campaign are described in Meeussen et al. (2020). Single-scan 235 

position TLS was carried out in the centre of the plots using a RIEGL VZ400 (RIEGL Laser 236 

Measurement Systems GmbH, Horn, Austria). Based on the scans, we derived four more forest 237 

structural metrics. Firstly, we determined the plant area index, a metric for plant material density or 238 

the total of the one-sided area of woody (e.g. branches) and non-woody biomass (i.e. leaves) per unit 239 

of surface area. More specifically, the plant area index was computed as the integral of the plant area 240 

per volume density (PAVD, m² m-3) over the canopy top height. The plant area index of the shrub 241 

layer, as second metric, was determined as the total PAVD below a height of 7 m. Thirdly, we 242 

determined the canopy top height, based on the 99% PAVD-percentile to remove atmospheric noise. 243 

Lastly, as a fourth TLS-derived metric, canopy closure was used. Canopy closure is the complement 244 

of canopy openness, which was calculated as the average percentage of gap fraction, the probability 245 

of a beam to miss all scattering elements in the forest (i.e. foliage or wood) and escape through the 246 

canopy, across the angle 5-70°. 247 

Forest-floor biomass and soil texture 248 

In addition, two more local site characteristics potentially affecting the forest microclimate were 249 

determined: the mass of the forest floor (i.e. litter and humus) and the soil texture (Paul et al., 2004; 250 

Fekete et al., 2016; Dutta et al., 2018). In each plot, one random sample of the forest floor, the organic 251 



material (i.e. O-horizon(s)) on top of the mineral topsoil, was taken in a 20 cm by 20 cm square frame 252 

after removal of live understorey vegetation. The litter and humus layers were sampled and weighed 253 

after drying to constant weight for 48 hours at 65°C to determine the biomass of the forest floor (kg 254 

m-2). Five subsamples of the soil were taken (10-20 cm depth) in each plot as well. The subsamples 255 

were pooled per layer and dried to constant weight at 40°C for 48 hours. Texture analysis was 256 

performed by sieving and sedimentation with a Robinson–Köhn pipette according to ISO 11277 257 

(2009). We selected the percentage sand (%) as most important proxy for the soil texture’s influence 258 

on microclimate. 259 

 260 

Regional characteristics 261 
Macroclimate temperature and precipitation 262 

Macroclimatic data were obtained from our reference sensors. For every site, we calculated the mean 263 

annual temperature (MAT, °C, over the period 1 June 2018 to 31 May 2020) based on the data of the 264 

reference air sensors placed in the neighbourhood of our transects. Moreover, to obtain a more exact 265 

characterisation of the macroclimate during summer and winter, we also computed the mean seasonal 266 

temperature (MST, °C) during winter and summer for both soil and air reference sensors. For each 267 

plot, data on the mean total annual precipitation (MAP, mm year -1) were extracted from CHELSA 268 

(version 1.2, average climatic conditions over the period 1979-2013 at a spatial resolution of 30 arc 269 

sec, Karger et al., 2017). We also performed a sensitivity analysis using gridded macroclimate data 270 

(ERA5-Land hourly data, (Muñoz Sabater, 2019)) as reference data instead of our own open-habitat 271 

reference sensors. These sensitivity analyses confirm the robustness of our main findings and are 272 

available in Appendix C.  273 

Landscape structure  274 

Four landscape characteristics were extracted using satellite-based global tree cover data (spatial 275 

resolution of 30 m, Hansen et al., 2013), a pan-European digital elevation model (spatial resolution 276 

of 25 m), Copernicus data and information from the European Union (EU-DEM, 2018). The 277 

percentage of forest cover (%, forests defined as surface areas with a minimum tree cover of 20 %) 278 

surrounding each plot was calculated using a circular buffer area with a 500 m radius (Hansen et al., 279 



2013). Topographic northness and slope (°) were derived from the digital elevation model. The 280 

topographic northness, derived as the cosine of topographic aspect, represents the topographic 281 

exposition and ranges from north facing (+1) to completely south facing (-1). Finally, also distance 282 

to the nearest coast was considered as a predictor of the microclimatic offset, as an increased 283 

temperature range and reduced air-mixing farther from the coast might affect the offset. 284 

2.3 Data analysis 285 

Variation in microclimatic gradients in forest edge zones across Europe was analysed in R version 286 

4.0.3 (R Core Team, 2020) making use of linear mixed-effect models (Zuur et al., 2009) and the 287 

‘lmer’ function in the R-package ‘lme4’ (Bates et al., 2015). In all models, region and transect nested 288 

within region were added as random effect terms (i.e. random intercepts) to account for the nested 289 

structure of our design; plots nested in transects, nested in regions. In a first set of models, we studied 290 

the impact of distance to the edge, management type and the macroclimate (MAT, as a continuous 291 

variable for region and elevation) (i.e. our fixed effects) on the forest edge microclimate (n ~ 225 for 292 

the (winter and summer) air and soil temperature offset, and n = 201 for the evaporation during the 293 

summer). Two-way interactions between fixed effects were allowed. Non-significant (interaction) 294 

effects were removed from the model during model selection using the ‘step’ function of the R-295 

package ‘lmerTest’ (Kuznetsova et al., 2017). After model selection, restricted maximum likelihood 296 

was employed to assess the model parameters. Distance to the edge was log-transformed prior to 297 

analyses since the distribution of our plots followed an exponential pattern and one of the response 298 

variables, evaporation, had a right-skewed distribution and was log-transformed as well. If distance 299 

to the edge was a significant driver of the microclimate, a post hoc (Tukey Multiple Comparisons) 300 

test was executed using the ‘glht’ function (‘multcomp’ R-package) to explore up to which edge 301 

distance (here as a factor, significance level p < 0.05) the microclimate differed from the microclimate 302 

in the forest interior (i.e. at a distance of 99.5 m from each edge) (Hothorn et al., 2008). This way we 303 

determined the depth of edge influence, and subsequently calculated, as a basic and explorative 304 

analysis, the percentage of European deciduous forests affected by edge influences in Europe based 305 

on the cumulative length of deciduous forest edges across Europe (Meeussen et al., 2021). 306 



To achieve a more mechanistic understanding of the microclimate patterns and their drivers, an 307 

additional set of models was constructed. Here, the fixed effects were our local site features (shade 308 

casting ability (SCA), basal area, plant area index, plant area index of the shrub layer, canopy height, 309 

canopy openness, forest-floor biomass and soil texture) and regional landscape and macroclimatic 310 

characteristics (seasonal temperature (MST) from the reference sensor, precipitation (MAP), slope, 311 

northness, forest cover, and distance to the coast), whereas the random effects stayed the same 312 

(transect nested within region). Regarding MST, we always selected the macroclimatic temperature 313 

of the same type (air/soil) and same season (winter/summer) as the respective offset metric. For 314 

evaporation, the summer macroclimatic air temperature of the reference sensor was used. All 315 

continuous predictor variables were standardized to allow for a better comparison of model 316 

coefficients. No interaction terms were tested in these models (to make the models not overly 317 

complex), and again backward model selection was executed on this second set of models. Also, 318 

multicollinearity was tested making use of the variance inflation factor. Multicollinearity among the 319 

predictor variables in all models was low (variance inflation factors lower than 3).  320 

321 



3. Results 322 

The average air temperature offset in summer across all plots and transects amounted to -2.8 ± 0.8°C 323 

whereas in winter the average offset fluctuated around zero (-0.1 ± 0.7°C). Maximum summer air 324 

temperatures were on average 8.3 ± 3.1°C cooler inside than outside forests, in contrast, minimum 325 

summer air temperatures were warmer (1.5 ± 1.5°C) in the forest. Forest soil offsets were on average 326 

-2.3 ± 1.6°C during the summer months, with a more negative offset for maximum temperatures (-327 

4.5 ± 2.7°C) and minimum temperature offsets close to zero (-0.8 ± 1.3°C). In winter, mean, minimum 328 

and maximum soil temperatures were warmer inside than outside forests (respectively 1.0 ± 1.0°C, 329 

1.1 ± 1.0°C and 0.8 ± 1.0°C) (Figure 2). The average summer evaporation amounted to 20.06 mm 330 

per week (range: 2.4 – 112.75 mm per week, Supplementary figure B2). 331 

 332 



Figure 2: Summary of the seasonal variation in air and soil temperature offsets (°C) for maximum (Tmax), mean (Tmean) and 333 

minimum (Tmin) temperatures for all 225 study plots. Negative offsets indicate cooler temperatures inside forest edge zones.  334 

 335 

Besides seasonal fluctuations, the offset also depended on the macroclimate, management and 336 

distance to the edge (log-transformed). For almost all offset metrics, except for the offset of the 337 

minimum winter temperature in the forest soil, we found a significant main impact of the distance to 338 

the edge (Table 1, and Supplementary tables B1 and B2) or edge distance interactions with MAT 339 

or forest type. In general, these trends indicated an enhanced cooling of mean and maximum 340 

temperatures (i.e. more negative offset) from the forest edge towards the interior during the summer 341 

(Figure 3A and 3B), but in winter, higher mean and maximum temperatures (i.e. more positive 342 

offsets) were detected near the edge in comparison to the interior (Figure 4). Moreover, we found an 343 

indication of a decreased evaporation in the interior, shown by the significant negative impact of the 344 

distance to the edge on the evaporation (Figure 3C).  345 

Table 1: The impact of the design variables (mean annual temperature (= MAT), forest management type (= dense, intermediate or 346 

open) and distance to the edge and their interaction effects on the mean offset of air and soil temperatures during summer and winter, 347 

and the evaporation. Dense forests were used as the reference management type. The effects for Tmin and Tmax can be found in the 348 

appendix (Supplementary tables B1 and B2). The coefficient estimates of the models are given and the significance of the effect is 349 

indicated with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 350 

MEAN Summer air 

temperature 

offset (°C) 

Summer soil 

temperature 

offset (°C) 

Winter air 

temperature 

offset (°C) 

Winter soil 

temperature 

offset (°C) 

Evaporation 

(log-

transformed, 

mm/year) 

Mean annual 

macroclimate 

temperature (MAT) 

(°C) 

-0.13 -1.57 *** 0.29 ** 0.41 * - 

Intermediate forests  0.26 - - - - 
Open forests  0.60 * - - - - 
Distance to the edge 

(log-transformed, m)  
-0.08 * -0.22 *** -0.09 *** -0.08 *** -0.09 ** 

MAT × Distance 0.07 ** - - - - 
MAT × Intermediate  - - - - - 
MAT × Open - - - - - 
Intermediate ×  

Distance 
-0.04 - - - - 

Open × Distance -0.14 * - - - - 
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Interestingly, edge-to-interior gradients for the mean summer air offset were impacted by both 352 

management as well as macroclimate (Table 1, Figure 3A). In summer, the mean air offset in open 353 

forests was lower than in dense forests, but, as shown by the interaction between management type 354 

and distance, dense forest edge zones showed a strong temperature offset directly at the edge and a 355 

more gradual decrease in offset towards the interior (Table 1, Figure 3A). In open forests, on the 356 

other hand, there was a steep decrease in offset between edge and interior. Edges in open forests were 357 

thus subject to a reduced offset capacity and a stronger edge impact (Figure 3A: effect of 358 

management type × distance shown in the different subpanels). Secondly, as demonstrated by the 359 

significant interaction between the distance to the edge and MAT, the cooling of mean temperatures 360 

in forest edge zones was more intense in warmer, southern regions but edge-to-interior gradients in 361 

colder, northern regions were steeper and stabilized farther into the forest interior (Figure 3A: effect 362 

of MAT × distance shown by the different colours). In sum, the strongest reduction of mean summer 363 

sub-canopy temperatures could be found in dense forests located in warm regions, whereas in open 364 

forests offsets were lower and the depth of edge influence was higher. We found that offsets up to 365 

12.5 - 36.5 m from the edge were significantly different from the offset in the forest interior (99.5 m 366 

from the edge) for the minimum summer air temperature and the mean and maximum air temperature 367 

in winter (Table 2). 368 

  369 



 370 

Figure 3: Predictions of the mean air temperature offset (°C, panelA) and soil temperature offset (°C, panel B) during the summer and 371 

the evaporation (mm per week, panel C) (mean and 95 % prediction intervals) as function of the distance to the edge (m). The different 372 

subpanels in A show the effect of the different management intensities. The lines show the model predictions of the significant 373 

interaction between edge distance and management, as well as between mean annual temperature (MAT, °C) and distance to the edge 374 

for the mean summer air temperature offset. The colours of the lines in panel A and B represent three distinct macroclimates (cold, 375 

intermediate and warm) within the studied macroclimate gradient. The dots in panel A and B represent the raw data points and their 376 

colour shows the mean annual macroclimate temperature outside the forest (MAT, °C); a small amount of jittering was added along 377 

the x-axis to improve clarity.  378 



 379 

Figure 4: Predictions of the mean air temperature offset (°C, panel A) and soil temperature offset (°C, panel B) during the winter 380 

(mean and 95 % prediction intervals) as function of the distance to the edge (m). The colours of the lines represent three distinct 381 

macroclimates (cold, intermediate and warm) within the studied macroclimate gradient. The dots represent the raw data points and 382 

their colour shows the mean annual macroclimate temperature outside the forest (MAT, °C); a small amount of jittering was added 383 

along the x-axis to improve clarity. 384 

  385 



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

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

Temperature metric  Depth of edge influence 

air temperature 

Depth of edge influence 

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 
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Table 3: The impact of local site characteristics (forest structure and composition, forest floor-biomass and soil texture) and regional 389 

landscape characteristics and macroclimate on the mean offset (°C) of air and soil temperatures during summer and winter, and the 390 

evaporation. The effects for Tmin and Tmax can be found in the appendix (Supplementary table B3). The direction of the effect is 391 

shown with arrows and the significance is indicated with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). MST = mean seasonal 392 

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

 
Summer air 

temperature 

offset (°C) 

Summer soil  

temperature 

offset (°C) 

Winter air 

temperature 

offset (°C) 

Winter soil  

temperature 

offset (°C) 

Evaporation (log-

transformed) 

(mm/year)  

Plant area index 

(-)  
↓***  ↓***  ↓***  ↓***  - 

Canopy height 

(m) 
- - ↓*  - - 

Shade casting 

ability (-)  
↓**  - - - ↓* 

Canopy closure 

(%) 
↓***  ↓*  ↑**  - ↓*** 

Basal area 

(m2/ha)  
- - - - ↑** 

Plant area index  

shrub layer (-)  
- - - ↑***  - 

Forest-floor 

biomass (kg/m2)  
- - ↑* ↑*** - 

MST 

macroclimate 

outside forests 

(°C)  

- ↓***  - - - 

Northness (-)  - - ↓** - - 

Forest cover (%)  - - ↓** - - 

 394 

In a second set of models (Table 3 and Supplementary table B3), we studied the impact of regional 395 

and local site features on the offset and evaporation. During the summer, forest structural metrics 396 

were the main drivers of the cooling of mean and maximum temperatures in forest edge zones. In 397 

general, under canopies with a high plant area index and dense canopy closure there was a stronger, 398 

more negative, offset of mean and maximum temperatures in both air and soil (Figure 5a and 5c). 399 

Furthermore, the canopy species composition also controlled air temperature offsets, with an 400 

enhanced cooling (i.e. more negative offset) under trees with a high shade casting ability (Figure 5b). 401 

For soil summer temperatures, we also found a strong negative effect of the summer soil macroclimate 402 

on the mean and maximum soil temperature offsets in forests. The macroclimate was an important 403 



driver of the minimum soil summer offset as well. Minimum air temperature offsets, on the other 404 

hand were more positive in open forests and forests located in areas with warm summers, but 405 

decreased in forests with a dense shrub layer. In short, mainly forest structure, and for soil 406 

temperatures also the macroclimate, were important drivers of the summer offset. Likewise, forest 407 

structure was an important regulator of the evaporation in forest edge zones. Evaporation was higher 408 

in open forests (Figure 5d) dominated by trees with a low shade casting ability (Table 3).  409 

The plant area index remained an important driver of the winter offsets, though the importance of the 410 

different drivers shifted in this season (Table 3 and Supplementary table B3). Other drivers such 411 

as slope, northness or canopy height were found to have a significant impact on the winter offset too. 412 

Finally, also the forest-floor litter and humus biomass played a key role in the establishment of a 413 

winter forest microclimate; a higher biomass in the humus and litter layer had an important positive 414 

effect on the mean and maximum offsets in the soil (i.e. more positive offset, Figure 5e), and to a 415 

lesser extent in the air during the winter. 416 



 417 

Figure 5: Relationships between the offset and evaporation, and explanatory forest characteristics. Dots represent observations of the 418 

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 419 

orange. Positive offset values indicate warmer temperatures in the forest whereas negative offsets represent cooler forest edge zones in 420 

comparison to free-air temperatures. The black lines show linear regressions with their 95% confidence intervals shaded in grey.  421 



4. Discussion 422 

4.1 Microclimatic changes across forest edges 423 

Across Europe, we found that summer temperatures were generally more than 2°C cooler inside forest 424 

edge zones. Maximum soil and air forest summer temperatures were on average cooler, whereas 425 

minimum summer temperatures were warmer in comparison to free-air temperatures. Altogether, 426 

forests were subject to a significant buffering (i.e. dampening of macroclimatic temperature variations 427 

(De Frenne et al., 2021)), or thus fewer extreme temperatures and a lower temperature variability 428 

during the summer (De Frenne et al., 2019; Zellweger et al., 2019). Moreover, we showed that 429 

summer air and soil temperatures in the forest interior experienced a stronger buffering of mean and 430 

warm ambient temperatures in comparison to forest edges. In addition to a cooling of warm 431 

temperatures also evaporation was reduced in the interior. Increasingly cooler temperatures and a 432 

higher humidity towards the forest interior are often observed patterns in forest patches which can be 433 

attributed to a diminution of direct solar radiation and changes in wind conditions (Matlack, 1993; 434 

Davies-Colley et al., 2000; Hylander, 2005; Schmidt et al., 2019). Indeed, temperature and humidity 435 

are strongly correlated and can be linked with steep edge-oriented light gradients in forest edge zones 436 

(Matlack, 1993; Chen et al., 1995; Davies-Colley et al., 2000; Kovács et al., 2017; Li et al., 2018). In 437 

addition, since minimum summer temperatures were higher inside the forest and increased towards 438 

the interior, also extreme summer temperatures were better buffered (i.e. macroclimatic fluctuations 439 

were reduced) in the interior compared to edges in our study. 440 

During winter, we found a negative impact of edge distance on the offsets as well. Mean and 441 

maximum offsets dropped towards the interior, resulting in cooler forest interiors relative to open 442 

areas and edges. However, directly at the edge and especially in the soil, winter offsets were mainly 443 

positive. So, in winter, forest edge zones were often warmer than ambient air temperatures. Warmer 444 

temperatures in forests during winter and night have been observed before (Chen et al., 1995; 445 

Aussenac, 2000; Zellweger et al., 2019), but our results showed that this warming effect was mainly 446 

apparent in forest soils and near the edge. In the soil, positive offsets in winter might be due to the 447 

presence of an insulating layer of snow and/or litter (Bartlett, 2004; Graae et al., 2012; Fekete et al., 448 



2016). Deeper snow or thicker litter layers might build up near forest edges. Snow build up can result 449 

from a higher canopy openness near the edge; or due to abrupt vegetation changes and the presence 450 

of shrubs windblown snow and leaves might be trapped near edges and buffer soil temperatures 451 

(Feeley, 2004; Vasconcelos and Luizão, 2004; Mellander et al., 2005; Myers-Smith et al., 2011). 452 

Secondly, warming near the edge could also be due to heating of the soil, and subsequently via a heat-453 

flux the air above, due to more incoming solar radiation in leafless deciduous forests in winter and 454 

via lateral penetration at the forest edge (Chen et al., 1995; Davies-Colley et al., 2000). 455 

 Macroclimate: temperatures outside forests also influence offsets 456 

We found that the macroclimate interacted with edge distance: MAT positively affected the edge-to-457 

interior gradients in minimum, maximum and mean summer air temperature offset and, on the 458 

contrary, had a negative impact on the maximum soil temperature offset during winter. For summer 459 

air temperatures, the cooling of mean and maxima was strongest at the edge in warm regions but 460 

differences diminished towards the interior as the slope in offset was steeper in cold regions. 461 

Minimum summer air temperatures, on the other hand, were warmer in the interior and edge-to-462 

interior gradients stronger at more southern latitudes. Forests in warm, southern European regions 463 

thus experienced the strongest reduction in temperature variability, especially in the forest interior. A 464 

stronger buffering in warmer macroclimates is a worldwide phenomenon related to, among others, 465 

seasonal effects, evapotranspiration and solar radiation inputs (De Frenne et al., 2019), showing that 466 

forests could form temporary local microclimatic refugia under globally rising temperatures and 467 

during heat waves. The main novelty here was the interaction with the distance to the forest edge and 468 

that differences in offsets between regions were already present directly at the forest edge. In winter, 469 

maximum soil temperatures were higher near the edge in warm regions whereas the edge-to-interior 470 

gradients were almost absent in cooler regions. We therefore hypothesize that warmer soil 471 

temperatures might be driven by heat accumulation in the soil near the edge, especially in warm 472 

regions, or the buffering effect of a snow cover in northern areas (Chen et al., 1995; Davies-Colley et 473 

al., 2000; Myers-Smith et al., 2011). 474 



 Forest management 475 

Forest management also affected edge-to-interior patterns in the mean summer air offset (i.e. open 476 

forests generated only a low temperature offset near the edge but were characterized by steeper 477 

gradients in temperature). From the edge to interior, the offset in open forests increased from -2.1 to 478 

-2.7°C. In dense forests nonetheless, temperatures were already strongly reduced at the edge with an 479 

average offset of -2.8°C and reached mean values of -3.1°C in the interior. The average offset in 480 

dense edges was similar to the average offset in open forest interiors. Dense forests were characterised 481 

by a steep temperature drop at the edge, which can be caused by abrupt gradients in vegetation 482 

structure between forest and adjacent land uses (Harper et al., 2005; Hofmeister et al., 2019). Dense 483 

edge zones are, however, strong thermal insulators and establish smoother and weaker edge-to-484 

interior gradients, attributable to a higher complexity and a closed side-canopy protecting against 485 

incoming radiation (Matlack, 1993; Aussenac, 2000; Kovács et al., 2017; Ehbrecht et al., 2019). 486 

Steeper gradients, extending deeper towards the interior might manifest in intensively thinned forests 487 

due to the lack of a side-canopy and higher openness.  488 

Impact of edge-to-interior gradients 489 

Edge influences in air temperature offsets were detected up to 12.5 m from the edge. Soil temperature 490 

offsets were less sensitive to edge impact (significant differences up to only 4.5 m) and stabilized at 491 

shorter distances as they are better buffered against temperature fluctuations, mainly depend on the 492 

direct effect of soil heating and are less impacted by ambient conditions (i.e. air-mixing and transfer 493 

of warm air from adjacent agricultural lands) (Chen et al., 1995; Davies-Colley et al., 2000; Li et al., 494 

2018). Edge influences were somewhat smaller but in accordance with previous studies suggesting 495 

impacts up to approximately 40 - 50 m (Saunders et al., 1999; Davies-Colley et al., 2000; Schmidt et 496 

al., 2019). We consider our estimates as rather conservative since, firstly, edge influences can vary 497 

throughout the day and depend on weather conditions (Baker et al., 2014; Li et al., 2018). Second, 498 

edge influences might also reach deeper into the forest although the effect is not significant or might 499 

extend beyond the significant difference detected (i.e. lie somewhere between 12.5 and 36.5 m, our 500 

next sample point). Third, it might be possible that microclimatic gradients are deeper than those 501 



investigated in our set-up (i.e. more than 100 m); especially as our study design composes of southern 502 

forest edges in the northern hemisphere which are known to have deeper edge influences than north-503 

oriented edges (Matlack, 1993; Chen et al., 1995; Hylander, 2005; Orczewska and Glista, 2005).  504 

 505 

Considering an edge depth of 12.5 m and a total cumulative edge perimeter of roughly 9.4 billion m 506 

for European deciduous forests (Meeussen et al., 2021), at least 11.7 million ha of broadleaved forest 507 

in Europe are subject to edge influences in temperature. This is approximately 10% of the total area 508 

of broadleaved forests of the European continent and the result of severe fragmentation and land-use 509 

changes. As forests harbour the majority of terrestrial biodiversity (MEA, 2005), up to 80% of the 510 

plant species richness in temperate forests is associated with the understorey (Gilliam, 2007), forest 511 

fragmentation, apart from degradation and habitat loss, might form a threat to biodiversity. Our results 512 

indicated that edge microclimates differ considerably from interior microclimates and therefore will 513 

not support all organisms thriving in forest interiors. Due to their warm and open microclimate, edges 514 

are often dominated by warmth-loving and light-demanding generalists and can harbour a lower 515 

phylogenetic biodiversity than forest interiors (Honnay et al., 2002; Pellissier et al., 2013; Pfeifer et 516 

al., 2017; Govaert et al., 2020; De Pauw et al., 2021). Nevertheless, edges themselves can be valuable 517 

as well and management to maintain edges open might be important as they are biodiversity hotspots 518 

and vital habitat types for certain species, in particular those that depend on half-open woody sites 519 

and warmer microclimates (Duelli et al., 2002; De Smedt et al., 2019). Not only biodiversity will be 520 

impacted by edge influences; spatial fluctuations in temperature will affect ecosystem functioning 521 

and processes in edge zones such as litter decomposition or carbon drawdown (Riutta et al., 2012; 522 

Fekete et al., 2016; Schmidt et al., 2019; Meeussen et al., 2021). 523 

4.2 Drivers of forest edge microclimates 524 

Canopy cover and composition are known as key drivers of sub-canopy temperatures (Matlack, 1993; 525 

Aussenac, 2000; De Frenne et al., 2013; Frey et al., 2016; Zellweger et al., 2019). We showed that 526 

vegetation structure and composition (i.e. shade casting ability) were important drivers of multiple 527 



offset metrics in forest edge zones as well. In general, a higher plant area index and canopy closure 528 

reduced both minimum and maximum air temperatures. Moreover, both explanatory variables might 529 

also drive the stronger offset in forest interiors since both plant area index and canopy closure 530 

increased from edge to interior (Meeussen et al., 2020). Forests with a high plant area index are 531 

usually composed of a dense and multi-layered canopy with a high foliage biomass (Gower et al., 532 

1999; Kalácska et al., 2005). Dense canopies will intercept, absorb, reflect and emit radiation and 533 

subsequently buffer both heating and cooling of understorey temperatures (Aussenac, 2000; Li et al., 534 

2018). Moreover, wind speed and patterns are altered under dense canopies, potentially causing an 535 

even stronger offset between micro- and macroclimate (Aussenac, 2000; Renaud et al., 2011). A 536 

complex and diverse stand structure, such as in old-growth forests or forests with a high diversity in 537 

tree sizes and species, has therefore been advised for the creation of stable forest microclimates (Frey 538 

et al., 2016; Kovács et al., 2017; Ehbrecht et al., 2019). Kovács et al. (2017) also suggested that, 539 

besides an additional shading effect, vertical complexity would contribute to microclimatic buffering 540 

by reducing the evaporation and increasing the humidity. We could, however, not find an impact of 541 

plant area index, or thus foliage density on the evaporation. A high canopy closure and shade casting 542 

ability did, however, reduce evaporation. This indicates that the penetration of direct radiation to the 543 

forest floor via gaps in the canopy might be a stronger predictor of the integrated air humidity, besides 544 

temperature, inside forests (Ehbrecht et al., 2019; Zellweger et al., 2019). Species composition further 545 

affected the thermal buffering capacity of forests: we found that both mean and maximum summer 546 

temperatures were lower in plots with more shade casting species (e.g. Fagus sylvatica) (Zellweger 547 

et al., 2019).  548 

During the winter months, forest structural metrics were still found to drive the offset, however, also 549 

landscape characteristics and the forest-floor biomass were shown to play a vital role in regulating 550 

forest temperatures (Greiser et al., 2018; Zellweger et al., 2019). The impact of forest structure on the 551 

winter offset must be interpreted with caution as all structural metrics were determined during the 552 

growing season and some of them (e.g. canopy openness) are subject to seasonal variation in 553 



deciduous forests. However, even after leaf shedding, woody structural elements might still affect 554 

sub-canopy temperatures via lateral shading or by affecting wind patterns near the edge (Bramer et 555 

al., 2018; Greiser et al., 2018). On the other hand, our results supported the fact that this impact will 556 

be less pronounced in winter than during the growing season and therefore microtopography and 557 

other landscape characteristics can gain importance in regulating forest winter temperatures (Greiser 558 

et al., 2018; Zellweger et al., 2019). Winter soil and air temperatures were higher in edge zones with 559 

a thick forest-floor biomass. Changes in soil and forest floor colour will affect albedo and heat 560 

accumulation (Bonan, 2008). A thick litter layer might also form a protecting layer on top of the soil, 561 

moderating extreme temperatures and subsequently microbial processes and carbon, water and 562 

nutrient fluxes (Ogée and Brunet, 2002; Fekete et al., 2016; Kovács et al., 2017; Meeussen et al., 563 

2021). During the winter, microtopography also affected the offset. Terrain features, besides 564 

vegetation structure, are known to determine local temperatures and thus also winter forest 565 

microclimates via, for instance, local variability in solar radiation, cold-air pooling in depressions or 566 

wind exposure (Frey et al., 2016; Aalto et al., 2017; Bramer et al., 2018; Davis et al., 2019).  567 

4.3 Impacts and forest management guidelines 568 

We demonstrated that edge influences cannot be ignored in microclimate studies, and that edge 569 

influences interacted with macroclimate and management. Our results further fill the knowledge gap 570 

on how forest edges affect microclimatic buffering on a continental scale, improve microclimatic 571 

mapping and contribute to future microclimatic analyses and the impact of global change on forest-572 

dwelling organisms; all key questions related to microclimate research (De Frenne et al., 2021). 573 

Land-use change, in conjunction with forest degradation and fragmentation are increasing the 574 

proportion of forest edges globally (Haddad et al., 2015; Riitters et al., 2016) and thus the impact of 575 

the physical environment on forests. In combination with warming worldwide, the potential for forest 576 

interiors to host and protect forest-dwelling organisms is threatened and therefore gaining importance 577 

(De Frenne et al., 2013, 2019; Frey et al., 2016). To maintain interior microclimates and their 578 

associated species, and to sustain short-term microclimatic refugia, fragmentation of large and old 579 



forests should thus be avoided. Also, large-scale management practices, homogenizing forest stands 580 

and creating interior edges and large canopy gaps, could better be replaced by small-scale cuts or 581 

even single tree-selection systems (Frey et al., 2016; Hofmeister et al., 2019). Not only management 582 

interventions might strongly increase sub-canopy temperatures but also disturbances such as 583 

droughts, storms and insect outbreaks are predicted to increase in abundance and severity (Seidl et 584 

al., 2017). Large-scale disturbances can damage forest canopies, reduce their insulating effect and 585 

therefore threaten forest interior habitats and cause a shift in species composition (Stevens et al., 586 

2015). If cool and moist forest understories are desired to shelter forest interior specialists; smaller 587 

forests, harbouring important species, could be protected by a buffer zone (i.e. an additional forested 588 

edge area around the patch to maintain stable interior conditions in the forest patch) of at least 12.5 589 

m deep, and via edge densification (i.e. creating a multi-layered edge with a low canopy openness 590 

and high foliage density) (Matlack, 1993; Li et al., 2018). Finally, also planting species near the edge 591 

which cast a deep shade on the forest floor (Zellweger et al., 2019) or aiming for a diverse mix of 592 

shrubs and shade tolerant species forming gradual and dense side canopies in forest edges (Mourelle 593 

et al., 2001; Niinemets, 2010; Jucker et al., 2015), might ameliorate microclimatic conditions and 594 

buffer climate-change impacts in forests. To end, we note that there are many edge-related species 595 

which do not prefer cool and humid forest microclimates. Highly-structured forest edge zones, 596 

forming a gradual transition between forest and adjacent lands, are important habitats themselves for 597 

many species (e.g., plants, butterflies, birds and insects) (Duelli et al., 2002; Lindgren et al., 2018). 598 

Moreover, it should be kept in mind that also several typical forest herbs can benefit from temporary 599 

higher light availability after natural disturbances and local gaps resulting from natural forest 600 

succession or management interventions (Hilmers et al., 2018).   601 
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edge-to-interior gradients of European 882 

deciduous forests  883 

Appendix A: Additional information material and method section  884 

 885 

Figure A1: Set-up of the temperature sensors. Left: pole with radiation sheet, covering the air temperature data logger. Right: soil 886 

logger protected by a plastic tube (here at the surface, normally buried at a depth of 5 cm).  887 



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

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

Species Shade casting 

ability  

Acer campestre 3 

Acer monspessulanum 4 

Acer opalus 4 

Acer platanoides 4 

Acer pseudoplatanus 4 

Aesculus hippocastanum 4 

Alnus glutinosa 3 

Alnus incana 3 

Arbutus unedo 3 

Betula pendula 1 

Betula pubescens 1 

Carpinus betulus 5 

Castanea sativa 3 

Cornus mas 2 

Cornus sanguinea 2 

Corylus avellana 3 

Crataegus laevigata 3 

Crataegus monogyna 3 

Cytisus scoparius 2 

Erica arborea 2 

Erica scoparia 2 

Fagus sylvatica 5 

Frangula alnus 3 

Fraxinus excelsior 3 

Fraxinus ornus 3 

Ilex aquifolium 5 

Juglans regia 3 

Juniperus communis 2 

Ligustrum vulgare 3 

Malus sylvestris 2 

Ostrya carpinifolia 4 

Phillyrea latifolia 3 

Picea abies 4 

Pinus sylvestris 1 

Populus canadensis 2 

Populus tremula 2 

Prunus avium 3 

Prunus padus 3 

Prunus serotina 3 

Prunus spinosa 3 

Pyrus communis subsp. 

pyraster 

2 

Quercus cerris 3 

Quercus ilex 4 

Quercus petraea 3 

Quercus pubescens 3 

Quercus robur 2 

Quercus rubra 3 

Salix caprea 2 

Salix spec. 2 

Sambucus nigra 3 

Sorbus aucuparia 2 

Sorbus domestica 2 

Sorbus torminalis 2 

Tilia cordata 4 

Ulmus glabra 4 

Ulmus minor 3 

Viburnum opulus 3 

890 
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Appendix B: Additional information results section  892 

893 

Figure B1: Overview of the mean monthly air temperature offsets (°C) per season in the nine different regions, shown in the subpanels 894 

from southern (upper left corner) to more northern regions (bottom right corner). 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

Figure B2: Overview of the variation in evaporation across all plots (n = 201).   906 



Table B1: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT, 907 

from the reference sensors), forest management type and distance to the edge and their interaction effects on the maximum offset of 908 

air and soil temperatures during summer and winter. Dense forests were used as the reference management type. The coefficient 909 

estimates of the models are given and the significance of the effect is indicated with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 910 

0.001). 911 

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 *** -0.14 *** 

MAT × Distance 0.31 * - - -0.06 * 
MAT × Intermediate  - - - - 
MAT × Open - - - - 
Intermediate ×  Distance  - - - - 
Open ×  Distance  - - - - 

 912 

Table B2: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT, 913 

from the reference sensors), forest management type and distance to the edge and their interaction effects on the minimum offset of air 914 

and soil temperatures during summer and winter. Dense forests were used as the reference management type. The coefficient estimates 915 

of the models are given and the significance of the effect is indicated with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 916 

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)  
0.11 *** -0.1 *** 0.06 *** - 

MAT × Distance 0.05 ** - - - 
MAT × Intermediate  - - - - 
MAT × Open - - - - 
Intermediate ×  Distance  - - - - 
Open ×  Distance  - - - - 

  917 



Table B3:  The impact of local site features (forest structure and composition, the forest-floor biomass and soil texture) and regional 918 

landscape characteristics and macroclimate on the Tmax (average maximum temperature offset, °C) and Tmin (average minimum 919 

temperature offset, °C) of the air and soil temperature during summer and winter. The direction of the effect is shown with arrows, 920 

whereas the significance is indicated with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). MST = mean seasonal temperature. 921 

Explanatory variables without any significant effect were removed from the table. 922 

 
Summer air 

temperature 

offset (°C) 

Summer soil 

temperature 

offset (°C) 

Winter air 

temperature 

offset (°C) 

Winter soil 

temperature 

offset (°C) 

 Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin 
Plant area index (-)  ↓*** ↑***  ↓*** ↓***  ↓*** ↑***  ↓*** ↓*  

Canopy height (m) - - - - - ↓** ↓** - 

Shade casting ability 

(-)  
↓* - - - - - ↑* - 

Canopy closure (%) ↓*** ↑*** ↓* - - - - - 

Plant area index  

shrub layer (-)  
- ↓*** - - - ↓** ↑* ↑*** 

Forest-floor biomass 

(kg/m2)  
- - - - ↑*  - ↑*** ↑***  

Distance to coast  

(km) 
- - - - ↓* - - - 

MST macroclimate 

outside forests (°C)  
- ↑* ↓*** ↓*** - ↑* ↑ .  - 

Slope (°)  - - - - ↓*** ↑*** ↑** - 

Northness (-)  - ↑*  - - ↓*** - ↓* - 

Forest cover (%) - - - ↓* - - - - 
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Appendix C: Comparison of macroclimatic data obtained from our reference sensors 924 

placed outside the forests with gridded macroclimate data (ERA5)  925 

To make sure our macroclimate data obtained via the reference sensors outside the forest, did not 926 

affect the temperature offset metrics (= temperature inside forest minus macroclimatic temperature 927 

outside forests), we compared the macroclimatic temperature outside the forests determined with our 928 

reference sensors with the ERA5-Land hourly data from the same period. ERA5 is a gridded 929 

macroclimate layer at 0.1° x 0.1° resolution and available for 1981 to present (Muñoz Sabater, 2019). 930 

Macroclimatic data obtained from our reference sensors placed outside the forests correlated well 931 

with gridded macroclimate data (ERA5) (Figure C1). We especially found warmer conditions in 932 

maximum temperatures when the refence loggers outside the forests were used (as indicated by the 933 

positive intercept in Figure C1). Since this is a very consistent and almost constant warming effect, 934 

this is probably related to the passive radiation shield (i.e. insulating effect due to insufficient 935 

ventilation and higher warming rates). However, irrespective of a possible bias, the same shield was 936 

applied everywhere across all plots.  937 

To check the sensitivity of our results, we also computed the offset based on the temperature data 938 

from ERA5 instead of using the reference loggers and repeated the modelling with our design 939 

variables as predictors and the mean, maximum and minimum temperature offset as responses. 940 

Results can be found in Table C1. These sensitivity analyses confirm the robustness of our main 941 

findings regarding the drivers of forest edge microclimate. We decided to use our own open-air 942 

reference sensors to calculate all offsets for the main text analyses because these sensors were always 943 

placed in the immediate vicinity of our forests and because such measurements have been shown to 944 

be most reliable in forests (Maclean et al., 2021). 945 



 946 

Figure C1: Comparison of the seasonal (summer, autumn, winter and spring) macroclimatic air temperatures using our reference 947 

sensors and the seasonal macroclimatic temperatures based on the ERA5-Land hourly data from the same period (Muñoz Sabater, 948 

2019). Dots represent the individual reference sensors, the colours represent the average seasonal maximum (red), mean (grey) or 949 

minimum (blue) temperature with in grey shaded their confidence intervals. Additionally, the 1:1 reference line is shown in black.  950 



Table C1: Overview of the results of the linear mixed-effect models using the design variables (mean annual temperature (= MAT, 951 

from the reference sensors), forest management type (= dense, intermediate or open) and distance to the edge and their interaction 952 

effects on the mean, minimum and maximum air temperature offset during summer and winter, calculated using the ERA5-Land hourly 953 

data as reference temperature data for the open area outside the forest. Dense forests were used as the reference management type. The 954 

coefficient estimates of the models are given and the significance of the effect is indicated with asterisks (* = p < 0.05, ** = p < 0.01, 955 

*** = p < 0.001). 956 

 
Summer 

mean air 

temperature 

offset (°C)  

Winter 

mean air 

temperature 

offset (°C)  

Summer 

max. air 

temperature 

offset (°C)  

Winter max. 

air 

temperature 

offset (°C)  

Summer 

min. air 

temperature 

offset (°C)  

Winter min. 

air 

temperature 

offset (°C)  

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

Intermediate 

forests  
0.23 - - - - - 

Open forests  0.58 - - - - - 
Distance to 

the edge (m, 

log-

transformed) 

-0.08 * -0.09 *** -0.61 *** -0.57 *** 0.11 *** 0.07 *** 

MAT × 

Distance 
0.06 * - 0.28 * - 0.05 ** 0.03 * 

MAT × 

Intermediate  
- - - - - - 

MAT × Open - - - - - - 
Intermediate 

×  Distance  
-0.03 - - - - - 

Open × 

Distance 
-0.14 * - - - - - 
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