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Abstract 48 

The urban heat island (UHI) causes strong warming of cities and their urban forests worldwide. Especially urban 49 

forest edges are strongly exposed to the UHI effect, which could impact urban forest biodiversity and functioning. 50 

However, it is not known to what extent the UHI effect alters edge-to-interior microclimatic gradients within 51 

urban forests and whether this depends on the forests’ structure. 52 

Here we quantified gradients of air temperature, relative air humidity and vapour pressure deficits (VPD) along 53 

urban forest edge-to-interior transects with contrasting stand structures in six major cities across Europe. We 54 

performed continuous hourly microclimate measurements for two consecutive years and analysed the magnitude 55 

and depth of edge effects, as well as forest structural drivers of microclimatic variation.   56 

Compared to rural temperate forests, we found that edge effects reached deeper into urban forests, at least up to 57 

50 m. Throughout the year, urban forest edges were warmer and drier compared to forest interiors, with the largest 58 

differences occurring during summer and daytime. Not only maximum, but also mean and minimum temperatures 59 

were higher at the urban forest edge up to large edge distances (at least 85 m). Denser forests with a higher plant 60 

area index buffered high air temperatures and VPDs from spring to autumn.  61 

We conclude that urban forest edges are unique ecotones with specific microclimates shaped by the UHI effect. 62 

Both forest edges and interiors showed increased buffering capacities with higher forest canopy density. We 63 

advocate for the conservation and expansion of urban forests which can buffer increasingly frequent and intense 64 

climate extremes. To this end, urban forest managers are encouraged to aim for multi-layered dense forest canopies 65 

and consider edge buffer zones of at least 50 m wide. 66 
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Introduction 69 

Worldwide, an increasing proportion of humans are living in cities, towns and agglomerations (UN, 2019) which 70 

has led to a doubling of total land surface areas in cities between 1992 and 2015 (IPBES et al., 2019). Urban areas 71 

possess unique ecological properties, with increased air and surface temperatures being some of its most important 72 

characteristics, a phenomenon called the ‘urban heat island’ (UHI) effect. UHIs are mainly caused by large amounts 73 

of imperviousness, heat storage in buildings and pavements and reduced evapotranspiration in the absence of 74 

vegetation (Oke, 2002; Kleerekoper et al., 2012). The largest UHI intensities are typically recorded in summer 75 

(Arnfield, 2003; van Hove et al., 2015), and specifically during the night due to the larger heat storage in urban 76 

areas and subsequent nightly release of heat from concrete, asphalt and building materials (Arnfield, 2003; Doick 77 

et al., 2014; van Hove et al., 2015). This timing of elevated temperatures has severe consequences for human health, 78 

well-being and mortality, given the association of hot nights with increased heat stress in humans (Roye et al., 2021; 79 

He et al., 2022).  80 

Urban forests are generally defined as all forest and tree resources in (and close to) urban areas (Konijnendijk, 81 

2003). Urban forests reduce hot temperatures and heatwaves in cities by lowering temperatures in the city area in 82 

the vicinity of the urban forest and by providing cool microclimate refugia beneath the canopy (Yan et al., 2018; 83 

Ziter et al., 2019; Wang et al., 2021). Microclimates can be defined as fine-scale climate variations which are, at least 84 

temporarily, decoupled from the background atmosphere (macroclimate) (Bramer et al., 2018). The microclimatic 85 

cooling in urban forests mainly happens through shading by the canopy and evaporative cooling induced by the 86 

transpiring trees, which consumes latent heat at the expense of sensible heat (Bramer et al., 2018). Similarly, urban 87 

parks (with woody vegetation) have been shown to experience maximum summer temperatures up to 4 °C cooler 88 

compared to neighbouring streets and squares, thereby greatly reducing thermal stress (Cohen et al., 2012; Doick 89 

et al., 2014). The extent of microclimatic buffering by urban forests and parks is largely determined by structural 90 

characteristics, such as canopy cover, tree species identity and richness, but also topography (Feyisa et al., 2014; 91 

Zellweger et al., 2019; Schwaab et al., 2021; Wang et al., 2021). The buffering capacity of urban forests is crucial for 92 

the health of citizens living in urban areas (Smoyer et al., 2000; Gillerot et al., 2022; Iungman et al., 2023), but can 93 

also substantially mitigate urban heat impacts on flora and fauna, such as temperatures that exceed species’ thermal 94 

limits, as well as changes in phenology and pest infestations (Zipper et al., 2016; Long et al., 2019). For all these 95 

reasons, urban forests are increasingly proposed as a viable nature-based solution to moderate UHIs (van den 96 

Bosch & Ode Sang, 2017; Ziter et al., 2019; Wang et al., 2021; Iungman et al., 2023). 97 
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Due to the strong fragmentation of urban landscapes (Moffatt et al., 2004; Liu et al., 2016; Olejniczak et al., 2018), 98 

microclimatic buffering, however, can be reduced by edge effects (Horak, 2016; Li et al., 2018). Steep microclimate 99 

gradients are generally found at forest edges with high incoming solar radiation and wind speeds (Matlack, 1993; 100 

Chen et al., 1995; Meeussen et al., 2021). Typically, mean and maximum air temperatures decrease from the forest 101 

edge into the interior, whereas minimum air temperatures and air humidity values tend to increase from edge to 102 

interior (Chen et al., 1995; Saunders et al., 1999; Schmidt et al., 2017). The magnitude of these edge effects 103 

(Magnitude of Edge Influence; MEI) and how deep they extend into the forest (Depth of Edge Influence; DEI) 104 

are highly variable and determined by forest edge structure, edge orientation, local weather patterns and other 105 

factors (Matlack, 1993; Chen et al., 1995). The DEI values reported in the scientific literature regarding 106 

microclimate variables, as temperature and air humidity, generally range between 5 and 30 m (Matlack, 1993; 107 

Gehlhausen et al., 2000; Franklin et al., 2021; Meeussen et al., 2021), but can extend up to 200 m (Chen et al., 1995). 108 

Consequently, given the unique environmental properties on the interface between urban forests and the city, 109 

urban forest edges may represent a novel, rapidly spreading ecotone (Hobbs et al., 2014). However, studies at the 110 

forest-city interface are still largely lacking. This is an important knowledge gap because the UHI might exacerbate 111 

microclimatic edge effects, thereby reducing the buffering capacity of urban forests. 112 

The few existing studies on urban forest edges indicate important changes in microclimate and temperature-related 113 

processes. Li et al. (2018) described edge microclimate patterns in an urban forest in Seoul, Republic of Korea, 114 

during the hottest three consecutive days in August 2016 and found significant edge effects for air temperature, 115 

relative humidity, soil temperature and soil moisture. Bae and Ryu (2021) also found changes in soil moisture and 116 

soil temperature at urban forest edges in Seoul, but only significantly for the west-oriented edge and not for the 117 

east-oriented edge due to the difference in adjacent land-use. Additionally, Garvey et al. (2022) showed increased 118 

soil temperature and reduced soil moisture in urban forest edges in Boston compared to rural forest edges in 119 

central Massachusetts, USA. Furthermore, in the Dane county, Wisconsin, USA, Latimer and Zuckerberg (2017) 120 

reported lower winter temperature minima in forest edges vs interiors, but higher winter minima when forests 121 

were closer to cities or had higher basal area values.  122 

To better understand UHI effects on urban forest edges, we designed a study at the continental scale. We studied 123 

edge-to-interior gradients of urban forests in six cities across temperate Europe, which enabled us to generalise 124 

effects and consider regional context-dependencies. Additionally, we aimed to gain insights in the potential role of 125 

urban forest structure in mediating UHI effects. Therefore, two edge-to-interior gradients were set out in each 126 
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urban forest, differing in forest structure (open vs. dense) given its important influence on forest microclimates 127 

(Zellweger et al., 2019). To the best of our knowledge, there is no study yet that clarifies microclimatic changes 128 

along urban forest edge-to-interior gradients throughout the year at a continental scale. We performed continuous 129 

hourly microclimate measurements using microclimate sensors in the air (measuring temperature, relative air 130 

humidity and vapour pressure deficits) for two years to enable a comprehensive study of microclimate gradients 131 

in urban forest edges.   132 

We hypothesize that:  133 

1) The exposure to the UHI effect will result in larger magnitude and depth of edge effects on the 134 

microclimate in urban forest edges than known for rural forest edges. 135 

2) The magnitude and depth of edge effects by the UHI effect will be stronger when the forest structure 136 

is open compared to more dense.  137 

3)  Not only daily maximum, but – in contrast to rural forest edges – also daily minimum temperatures will 138 

be higher at urban forest edges than interiors. We expect this effect on daily minimum temperatures to be 139 

largest during summer, as the UHI intensity is strongest in this season. 140 

4) Finally, forest stands with higher density, basal area and shade-casting ability will show lower temperature 141 

maxima and VPD maxima in summer.    142 
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Materials & methods 143 

Study regions and design 144 

We studied six urban forests adjacent to large European cities (Figure 1), along a 1,400-km long macroclimatic 145 

gradient from Stockholm (Sweden) to Zurich (Switzerland). This results in significant climatological differences in 146 

temperature (monthly average minima of coldest month between -4.9 and 1°C, monthly average maxima of 147 

warmest month between 22.4 and 25°C) and mean annual precipitation (from 561 mm in Stockholm up to 1,107 148 

mm in Zurich) (precipitation and temperatures are 30-year averages from Terraclimate 1981-2010, resolution of ~ 4 149 

km (Abatzoglou et al., 2018); Table S2). Urban-to-rural land surface temperature differences of summer daytime 150 

maxima range from +1.7 to +2.7 °C for the six studied European cities (CIESIN, 2016). We searched for large, 151 

deciduous forests bordering these cities, dominated by pedunculate oak (Quercus robur) to control for the effect of 152 

the dominant tree species between our selected urban forests. Pedunculate oak is one of the most dominant tree 153 

species of temperate deciduous forests in Europe (Barbati et al., 2014), with high ecological and economic 154 

importance. Indeed, pedunculate oaks support a high number of associated species, rich woodland biodiversity 155 

(Eaton et al., 2016; Mölder et al., 2019) and provide high economical value (Mölder et al., 2019; Şöhretoğlu & Renda, 156 

2020). More environmental variables of the urban forests are given in Table S2. 157 

In each of the six studied urban forests, we established twelve circular plots (9-m radius around a central tree) 158 

along a transect stretching from the urban forest edge (defined as the hypothetical line of tree stems at the edge 159 

closest to the urban area) into the core of the urban forest. These transects were 290 m to 3 km long and extended 160 

beyond the distance at which altered microclimatic conditions could be expected in rural forests (25-50 m, (Schmidt 161 

et al., 2017))and even further given the larger spatial scale of UHI effects (e.g., > 50 m up to several km, Luo and 162 

Li (2014); Estoque et al. (2017); Ziter et al. (2019)). In each transect, plots were established in six pairs (Fig. S1). 163 

The first, second and third plot pair were located at approximately 5, 20 and 50 m from the forest edge (Fig. S2). 164 

The sixth pair was located in the forest interior at an average distance of 1600 m from the urban forest edge (range: 165 

290-3260 m) while the fourth and fifth plot pair were located at intermediate distances (µ = 674 m, range = 85-166 

1500 m for the fourth plot pair and µ = 994 m, range = 235-2090 m for the fifth plot pair) (Fig. S2). Within each 167 

plot pair, one plot had a denser forest canopy (i.e., high canopy cover; median tree and shrub cover being 88.5% 168 

and 37.5%, respectively; with multiple tree layers) and the other had a less dense forest canopy (i.e., more open 169 

canopy; median tree and shrub cover being 70% and 15%, respectively; with one tree layer). This contrast in stand 170 

structure allowed us to generate a difference in forest microclimate (Zellweger et al., 2019; Meeussen et al., 2021) 171 
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within each of the six plot pairs. The distance between paired plots depended strongly on the region, but was on 172 

average 441 m (range: 21-1772 m). 173 

 174 

Figure 1. Land-use maps of urban forests and nearby cities. For each of the six urban forests, plots are shown as 175 
white circles for dense forest stands and triangles for open forest stands on a background map visualizing local climate 176 
zone categories. These categories map different types of built-up area and are standardly used in urban climatological 177 
studies (Stewart & Oke, 2012). Here, we used the European Local Climate Zone map produced by Demuzere et al. 178 
(2019) with a resolution of 100 m, a reported accuracy of 80% and is representative for the land-use in 2016. Scales were 179 
adjusted per panel to optimize plot visibility. 180 

Microclimate measurements 181 

Air temperature and relative humidity were measured with microclimate loggers (Lascar EL-USB-2, range of -182 

35 to +80 °C and 0 to 100 %, accuracy of 0.45 °C and 3 %) attached to the north side of the central tree at a height 183 

of three meters to avoid vandalism or theft. The loggers were shielded from direct sunlight with a radiation shield 184 

as used in Zellweger et al. (2019). Measurements were performed hourly from September 2020 to August 2022. 185 

Vapour pressure deficit was calculated as the difference between the saturated (Psat) and actual water pressure 186 

in the air (Pair), which were derived from hourly temperature and relative humidity measurements following the 187 

formula of WMO (2008) (von Arx et al., 2013) (eq. 1-3). Temperature, humidity and VPD values were then 188 

aggregated in daily mean, 5th and 95th percentile values (with 5th and 95th percentiles considered as daily minima 189 

and maxima excluding outliers). 190 

𝑃𝑠𝑎𝑡 = 0.6112 × exp((17.62 × 𝑇) /(𝑇 + 243.12))       equation 1 191 
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𝑃𝑎𝑖𝑟 = 𝑃𝑠𝑎𝑡 × 𝑅𝐻/100           equation 2 192 

𝑉𝑃𝐷 = 𝑃𝑠𝑎𝑡 − 𝑃𝑎𝑖𝑟           equation 3 193 

In total, 8.4% of daily air temperature and 11.7% of daily air humidity values were missing due to empty batteries 194 

or erroneous measurements (Table S3). Gaps were filled with daily data from the closest plot with a similar forest 195 

structure. After gap filling, seasonal averages were calculated from daily mean, 5th and 95th percentile values. 196 

Seasons were considered as follows: autumn (01/09 – 30/11); winter (01/12 – 28/02); spring (01/03-31/05); and 197 

summer (01/06-31/08). 198 

Environmental drivers 199 

Apart from the distance to the urban forest edge, we also tested which forest structural and topographical 200 

characteristics could explain the variation in microclimate. To assess the forest structure in a plot, we determined 201 

the basal area of all trees and shrubs (diameter at breast height (DBH) > 7.5 cm) within the circular plot by two 202 

perpendicular DBH measurements with a calliper. These values were summed to calculate the basal area (BA; m2 203 

per ha) for each plot. For each species, the percentage canopy cover in tree layer (>7 m) and shrub layer (>1 m 204 

and <7 m) was visually estimated. Additionally, the percentage canopy cover was determined with a convex 205 

spherical densiometer (Baudry et al., 2014) and calculated as the average of four densiometer readings in every plot, 206 

one in each cardinal direction at a distance of 4.5 m from the central tree. The shade-casting ability (SCA) of the 207 

overstorey was determined as the abundance-weighted mean of species-specific tree and shrub SCA scores ranging 208 

as ordinal numbers from 1 to 6 (1: low shade-casting ability e.g. Betula pendula, 6: very high shade-casting ability e.g. 209 

Taxus baccata; Table S1) weighted by the percentage canopy cover of each species in the tree and shrub layer of the 210 

plot (sensu Verheyen et al. (2012); De Lombaerde et al. (2019); Maes et al. (2019); Depauw et al. (2020)).   211 

Finally, a highly detailed assessment of plant biomass from the ground surface to the canopy was performed with 212 

a RIEGL VZ-400 terrestrial laser scanner (RIEGL Laser Measurement Systems GmbH). The scanner was 213 

mounted on a tripod of approximately 1.45 m height and performed a scan in each plot with a zenith angle ranging 214 

from 30 to 130°. The data from this scan was registered with the RiSCAN PRO software (provided by RIEGL). 215 

From this data, the vertical distribution of plant area volume density (m2/m3) could be derived as profiles in 216 

function of canopy height. We integrated these profiles between 35 and 70° zenith angle to calculate a Plant Area 217 

Index (PAI), which is defined as the one-sided surface area of vegetation material per unit ground surface area. 218 

The PAI provides an accurate estimate of plant biomass including leaves and woody plant biomass and gives a 219 
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good indication of the density of the stand structure (Calders et al., 2015; Liang et al., 2016; Meeussen et al., 2020). 220 

The method is described in detail in Calders et al. (2014); Calders et al. (2018). 221 

Topographic variables were derived from the European Copernicus digital elevation model (EU-DEMv1.1, 222 

resolution of 25 m) (EEA, 2017) and consisted of the elevation (m above sea level), slope (°) and northness index 223 

(ranging from +1 north to -1 south and calculated as the cosine of aspect given as 0 to 360 °N). Slope and aspect 224 

were derived with the terrain function from the package ‘raster’ (Hijmans, 2022). 225 

Statistical analyses 226 

All analyses were performed in R v.4.1.1 (R Development Core Team version 4.1.1, 2020) and data made available 227 

online (now already through a private figshare link: https://figshare.com/s/49840f2f1a1ed2c7798f). First, we 228 

assessed the magnitude and depth of edge effects on the different microclimatic response variables throughout the 229 

year (hypothesis 1). Then, we tested interaction effects between the distance to the forest edge and forest structure 230 

(hypothesis 2) and focused specifically on edge effects on daily minimum temperatures (hypothesis 3). Finally, we 231 

explored which forest structural variables were important in driving microclimatic variation and edge effects, while 232 

considering topographic variation (hypothesis 4).  233 

1. Magnitude and depth of edge effects on the microclimate 234 

We used linear mixed-effects models (LMMs) to infer the effect of the urban forest edge on the forest 235 

microclimate. The air temperature, air humidity and VPD were modelled as response variables with edge distance 236 

as a categorical predictor variable (P1 to P6) for which the interior plots (P6) were used as the reference category. 237 

We ran LMMs with the city ID as a random intercept term (6 city levels), to account for the hierarchical study 238 

design and spatial autocorrelation of plots within urban forests (Zuur et al., 2009). Given that we included only one 239 

seasonally averaged value per plot in the models, we did not need to include additional random effect terms to 240 

control for temporal autocorrelation. Our LMMs were fitted with the function lme from the ‘nlme’ package 241 

(Pinheiro et al., 2021): conditional and marginal R2 were determined with the ‘MuMIn’ package (Barton, 2019). The 242 

marginal and conditional R2 give the proportion of microclimate variance explained by the fixed and fixed plus 243 

random effects, respectively (Nakagawa & Schielzeth, 2013). For comparative purposes in terms of effect size, all 244 

predictors were standardised to unit variance and mean zero. 245 

𝑚𝑖𝑐𝑟𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒 ~  𝑒𝑑𝑔𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + (1|𝑐𝑖𝑡𝑦)            equation 4 246 

2. Forest structure interaction with edge effects 247 
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To test whether the forest structure interacts with the depth of edge effects, we added a forest structure term to 248 

the equation and ran models with and without the interaction term between the forest structure and the edge 249 

distance (eq. 5 indicated with the interaction effect*). We ran a model selection with the dredge function from 250 

package MuMin (Barton, 2019). We looked at the best models based on the lowest corrected Akaike Information 251 

Criterion (AICc) value and checked whether the interaction term was retained in the single best model after model 252 

selection. 253 

𝑚𝑖𝑐𝑟𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒 ~ 𝑒𝑑𝑔𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 +  𝑒𝑑𝑔𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 +  (1|𝑐𝑖𝑡𝑦)   equation 5 254 

3. Magnitude of edge effects on daily temperature minima 255 

Due to the UHI effect on minimum temperatures, we expected daily temperature minima to be higher at the urban 256 

forest edge. We tested this hypothesis with the same models as used to test magnitude and depth of edge effects 257 

for all microclimatic variables (see above statistical analyses 1. magnitude and depth of edge effects, eq.4).  258 

4. Environmental drivers of microclimate in urban forest edges 259 

To assess the importance of forest structural characteristics as drivers of microclimate, we modelled the 260 

microclimatic variables as a function of three different forest structural metrics (PAI, BA and SCA) while 261 

considering topographic features as important covariates (elevation, slope and northness). We used a similar 262 

approach as for the modelling of magnitude and depth of edge effects (see above, statistical analyses 1. magnitude 263 

and depth of edge effects) (eq. 6). All predictors were scaled to mean zero and unit variance before modelling, only 264 

elevation was scaled per city region given the much larger differences between city regions than within city regions. 265 

For all models, VIF values (variance inflation factors, vif function, package ‘cars’) were below 1.5 indicating no 266 

multicollinearity issues (Neter et al., 1990). 267 

𝑚𝑖𝑐𝑟𝑜𝑐𝑙𝑖𝑚𝑎𝑡𝑒 ~ 𝑃𝐴𝐼 + 𝐵𝐴 + 𝑆𝐶𝐴 + 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 + 𝑠𝑙𝑜𝑝𝑒 + 𝑛𝑜𝑟𝑡ℎ𝑛𝑒𝑠𝑠 + (1|𝑐𝑖𝑡𝑦)   equation 6 268 

  269 
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Results 270 

Given the similarity of relative air humidity and VPD patterns, we limit the results and discussions here to VPD. 271 

Relative air humidity results can be found in the appendix (Fig. S3-S8).  272 

1) Magnitude and depth of edge effects on the microclimate in urban forest edges (hypothesis 1). 273 

We found significant edge effects on air temperature and vapour pressure deficits (VPD) (Fig. 2, Fig. 3). The 274 

magnitude of edge effects ranged from 0.17 to 1.16 °C for air temperature and 0.02 to 0.29 kPa for VPD. The 275 

largest values were generally found for daily maxima for air temperature and VPD (Fig. 2). There was considerable 276 

seasonal variation in the magnitude of the edge effects, with larger edge effects in summer and smaller edge effects 277 

in winter for both air temperature and VPD. Mean air temperatures and VPDs were 0.83°C [CI: 0.53-1.12] and 278 

0.16 kPa [CI: 0.10-0.22] higher, respectively, at the forest edge (P1 plots) than in the forest interior in summer. 279 

Whereas in winter the differences amounted to 0.41°C [CI: 0.29-0.53] and 0.03 kPa [CI: 0.02-0.05], respectively. 280 

When looking at daily temperature and VPD maxima, these differences were even larger in summer, 1.16°C [CI: 281 

0.44-1.88] and 0.29 kPa [CI: 0.16-0.42], and also in winter, 0.52°C [CI: 0.33-0.71] and 0.05 kPa [CI: 0.03-0.07].  282 

We found deep edge effects for air temperature, up to at least 50 m for all microclimate variables. For mean and 283 

minimum air temperatures, edge effects even reached the fourth plot pairs, at an average distance of 674 m from 284 

the forest edge (range: 85-1500 m) (except for mean summer temperature). At these large distances, the magnitudes 285 

of the edge effects were small, but again quite consistent and significant throughout the year. For VPD, the depth 286 

of edge effects was constant in time, in contrast to the seasonal variation in the magnitude of edge effects (Fig. 2). 287 

The microclimate models to test depth and magnitude of edge effects had on average a marginal R2 value of 0.15 288 

(range: 0.004-0.27) and a conditional R2 value of 0.70 (range: 0.35-0.99) (including models on relative air humidity, 289 

R2 values and sample sizes are given for all models in Table S4). 290 

 291 
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 292 

Figure 2 Estimates and 95% confidence intervals of the linear mixed-effects models we ran with the urban forest 293 
edge distance as the only fixed effect (equation 4). Nonsignificant variables (confidence interval overlapping zero) 294 
are made transparent using an alpha canal value of 0.4. The intercept term, or baseline for comparative purposes, 295 
was set to ‘P6: forest interior plot’ so that estimates are showing significant deviations (or not when crossing the 296 
vertical dotted line at zero) from the forest interior. Analyses were performed on seasonal averages of daily 297 
minimum, mean and maximum values.  298 

 299 

 300 
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 301 

Figure 3 Daily cycles of summer microclimates in urban forest edges. The lines show summer averages of hourly 302 
microclimate measurements for each plot in this study’s six urban forests (12 plots/city). The colour scale 303 
indicates the distance towards the urban forest edge given as a natural logarithm (ln(urban edge distance)). 304 
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2) Forest structure did not interact with edge effects, but can buffer the microclimate as an additive 305 

main effect (hypothesis 2). 306 

We tested whether the forest structure interacted with the distance to the urban forest edge. For none of the 36 307 

microclimate models (3 microclimate variables  daily min, mean and max statistics  4 seasons, cf. equation 5), 308 

the interaction was retained in the best model after model selection with the dredge function (Table S5). This 309 

clearly indicated that the depth of edge effects did not change depending on the forest structure. Importantly, the 310 

forest structure was often included in the best model as main effect without the interaction, functioning as an 311 

additive effect next to the edge distance rather than an interactive effect. Irrespective of the distance to the forest 312 

edge, air temperatures and VPD were lowered in plots with a denser forest structure (Fig. 4). This effect and its 313 

diurnal and seasonal variation were analysed more in-depth below (4: environmental drivers of microclimate, as 314 

PAI, BA and SCA).       315 

   316 

Figure 4 Summer microclimatic gradients from urban forest edge to interior. The smaller points show summer 317 
averages of daily microclimate measurements for plots (12 plots at each edge-to-interior location (6 regions * 2 318 
structural types)). The larger points show model predictions, with 95% confidence intervals, based on the linear 319 
mixed-effects models with urban forest edge distance and forest structure as explanatory variables (equation 5). 320 
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Analyses were performed on seasonal averages of daily maximum values. Symbols were jittered on the x-axis for 321 
clarity. 322 

3)  Daily minimum temperatures were warmer at urban forest edges than interiors (hypothesis 3). 323 

We found that daily air temperature minima were higher at urban forest edges compared with the forest interior 324 

(Fig. 2, Fig. 5). This edge effect was recorded throughout all four seasons of the year, being the weakest in winter 325 

(Fig. 5). During winter, urban forest edges (P1 plots) had approximately 0.39°C [CI: 0.21-0.58] warmer temperature 326 

minima compared to the forest interior. For autumn, spring and summer, the temperature minima in edges (P1 327 

plots) were approximately 0.58°C [CI: 0.30-0.85], 0.62°C [CI: 0.32-0.92] and 0.64°C [CI: 0.35-0.93] warmer, 328 

respectively. The warmer temperatures reached deep into the urban forests up to the fourth plot pairs (P4 plots) 329 

(Fig. 2, Fig. 5), which were located at an average distance of 674m from the forest edge (range: 85-1500m). At 330 

these large distances to the edge, average temperature differences compared to the interior plot ranged from 0.22°C 331 

[CI: 0.04-0.41] in winter to 0.43°C [CI: 0.13-0.74] in spring. 332 

 333 

Figure 5 Seasonal minimum air temperature gradients from urban forest edge to interior. The smaller points show 334 
summer averages of daily microclimate measurements for plots (12 plots at each edge-to-interior location (6 regions 335 
* 2 structural types)). The larger points show model predictions, with 95% confidence intervals, based on the linear 336 
mixed models with urban forest edge distance as explanatory variable (equation 4). Analyses were performed on 337 
seasonal averages of daily minimum values. Symbols were jittered on the x-axis for clarity.  338 

4) Environmental variables driving variation in microclimate (hypothesis 4). 339 
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Finally, we found that the forests’ structure was an important determinant of the microclimate in urban forests 340 

and their edges. The Plant Area Index (PAI) was the most important structural driver of the microclimate in urban 341 

forests (Fig. 6). In urban forest stands with higher PAI values, the microclimate in the understorey consisted of 342 

lower maximum air temperatures throughout all seasons and lower mean air temperatures from spring to autumn 343 

(Fig. 6, Fig. S7, Fig. S9 for summer daily cycles). Furthermore, we found lower VPDs from spring to autumn for 344 

forest stands with higher PAI values (Fig. 6, Fig. S7, Fig. S9 for summer daily cycles). A classic forest structural 345 

metric, the basal area, did not significantly impact microclimate values and also the shade-casting ability (SCA) of 346 

the overstorey showed only a limited impact on the microclimate, a higher SCA led to warmer temperature minima 347 

in autumn and winter.  348 

In addition to forest structure, we found a considerable influence of the topographic covariates. However, our 349 

study was not designed to assess topographic effects and most of the regions were generally flat, with Paris and 350 

Stockholm as exceptions. These topographic variables were therefore included in the models as covariates but we 351 

should be cautious in the interpretation as main effects. We found higher air temperatures and higher VPDs when 352 

the slope increased (Fig. 6). In Stockholm and Paris, the slope was highest at the urban forest edge and decreased 353 

towards the forest interior (significant edge effect on slope, see Fig. S10). The slope effect in the models indicating 354 

warmer and drier microclimates with increasing slope is thus probably caused by the correlated edge effect. 355 

Additionally, we found that summer and autumn air temperature maxima were lower at higher elevations (within 356 

the same urban forest), whereas air temperature minima were higher at higher elevations. Minimum VPD values 357 

increased slightly in autumn and spring with increasing elevation. Finally, also the aspect influenced the 358 

microclimate, forests on a more north-oriented slope had lower maximum VPDs in summer and autumn.  359 

The microclimate models to test environmental drivers had on average a marginal R2 value of 0.26 (range: 0.01-360 

0.63) and conditional R2 value of 0.65 (range: 0.16-0.99) (R2 values and sample sizes are given for all models in 361 

Table S4). 362 

 363 
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 364 

Figure 6 Estimates and 95% confidence intervals of the linear mixed-effects models we ran with environmental 365 
drivers as explanatory variables (equation 6). Nonsignificant variables (confidence interval overlapping zero) are 366 
made transparent. Analyses were performed on seasonal averages of daily minimum, mean and maximum values.  367 

 368 

 369 

  370 
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Discussion 371 
1) Edge effects are of similar magnitude but reach deeper into urban forests, compared to rural 372 

forests (hypothesis 1) 373 

The magnitudes of urban forest edge effects on temperature and vapour pressure deficit (VPD) were similar to 374 

values reported in previous microclimatic studies on edge effects in rural forests (Gehlhausen et al., 2000; Meeussen 375 

et al., 2021). Edge effects in urban forest edges are thus not necessarily larger in magnitude than in their rural 376 

counterparts. Nevertheless, these edge effects can have significant consequences for urban forests.  377 

We found that urban forest edges were generally warmer and drier than urban forest interiors. Especially in 378 

summer, daily temperatures were on average 0.8 °C warmer and maximum temperatures were even 1.2 °C warmer 379 

in the urban forest edge compared to the urban forest interior. Such increases are significant since they already 380 

exceeded the 1°C climate warming compared to 1850–1900 baseline temperatures today (IPCC, 2018) and 381 

warming of around 1°C has been shown to affect plants growing in the understorey significantly. For example, 382 

open-top chambers that warmed understorey plants with ± 1°C compared to the surrounding forest understorey 383 

resulted in significant vegetation changes in terms of phenology, functional traits and community composition (De 384 

Frenne et al., 2010; Smith et al., 2012; Blondeel et al., 2020; Govaert et al., 2021). Previous research on UHI effects 385 

has focused on street trees and urban vs. rural forests (Frank & Backe, 2023). Both increases and decreases in the 386 

growth of urban trees have been reported, mainly depending on ambient temperature and water availability 387 

(Pretzsch et al., 2017; Meineke & Frank, 2018; Sonti et al., 2019). Our results suggest that growing conditions differ 388 

significantly between urban forest edges and interiors. Furthermore, we consider our results conservative as we 389 

measured the microclimate at 3 m height, microclimatic effects closer to the ground surface are probably more 390 

pronounced (De Frenne et al., 2021). These microclimatic differences could affect growth rates and tree 391 

performance within urban forests, potentially leading to the formation of novel ecotones.  392 

In terms of vapour pressure deficit, edges had on average 0.16 kPa higher VPDs than forest interiors (daily means) 393 

in summer and even 0.29 kPa higher VPD maxima. These conditions could make urban forest edges less suitable 394 

habitats for drought-sensitive species and drive community composition towards drought resistance. For example, 395 

terrestrial isopod communities change along forest edge-to-interior gradients and rural-to-urban gradients with 396 

more drought-resistant species in forest edges and urban areas (De Smedt et al., 2018; Ooms et al., 2020). 397 

Concerning plants and trees growing in urban forest edges, higher VPDs increase the evaporative demand, which 398 

makes it highly likely that they experience more pronounced drought stress. This in turn can hamper their growth 399 
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and survival given that vapour pressure deficit has become a main factor constraining tree growth rates in central 400 

European forests (Trotsiuk et al., 2021). Furthermore, drought stress has been reported to be tightly linked to 401 

urban trees’ vulnerability to insect pests and diseases (Dale & Frank, 2017; Meineke & Frank, 2018; McDowell et 402 

al., 2020). Interactions between temperature and water stress, as well as insect pests, have been confirmed for the 403 

health and growth of street trees (Dale & Frank, 2014; Gillner et al., 2014). Yet, research on these interactions in 404 

urban forests, focusing on forest trees and herbaceous plants, is still scarce (Frank & Backe, 2023). Finally, drier 405 

conditions at urban forest edges can alter soil ecosystem functions, for example, soil respiration (Vasenev et al., 406 

2021; Garvey et al., 2022).  407 

The edge effects reached up to 50 m into the urban forests for maximum air temperature, relative humidity and 408 

VPD, which is deeper than generally observed in rural contexts (10 to 30 m, as it is often reported, but in some 409 

cases up to 240 m) (Matlack, 1993; Chen et al., 1995; Gehlhausen et al., 2000; Schmidt et al., 2017; Meeussen et al., 410 

2021). Mean and minimum air temperatures even differed significantly from interior temperatures for edge 411 

distances beyond 50 m (range: 85-1500 m, average: 674 m). From our measurements we conclude that edge effects 412 

in this study’s six urban forests reach deeper then generally reported for rural forests. We encourage studies with 413 

a paired rural-urban forest edge design to confirm these differences in depth (but also the similar magnitude we 414 

found) of microclimatic edge effects between rural and urban forests. Given urban forests’ fragmented nature, 415 

with high edge-to-interior ratios as a result, it is essential to consider these deep edge effects and their potential 416 

consequences for urban forest biodiversity, ecology and design.  417 

2) A denser forest structure buffers the microclimate irrespective of edge distance (hypothesis 2 & 418 

4).    419 

We found that an increase in plant area index (PAI) could significantly reduce temperature maxima, increase 420 

relative air humidity and reduce vapour pressure deficits (VPD). The PAI is a representative metric for forest 421 

structural density (Liang et al., 2016; Meeussen et al., 2020) and shows to be stronger associated with microclimate 422 

buffering than basal area or shade-casting ability, confirming other recent studies (Zellweger et al., 2019; Meeussen 423 

et al., 2021). Forest managers can thus strongly impact the microclimate of urban forests by management actions. 424 

As such, dense and multi-layered canopies can be used to buffer the increasing summer temperatures and drought 425 

induced by UHIs and extended edge effects. Furthermore, we noted that PAI values were generally lower at the 426 

urban forest edge and tended to increase towards the forest interior (positive, but non-significant edge effect on 427 
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PAI, see Fig. S10), a pattern already described for rural edge-to-interior gradients and attributed to higher wind 428 

speeds and reduced canopy height at edges, openness of the façade of the edge, and to a different tree species 429 

composition including more species at the forest edge with a lower shade-tolerance, crown volume and branching 430 

density (Harper et al., 2005; Delgado et al., 2007; Meeussen et al., 2020; Verhelst et al., 2023).  This edge-interior 431 

gradient in plant area index probably also contributed to the microclimatic edge effects we found (Hardwick et al., 432 

2015; Sanusi et al., 2017; Meeussen et al., 2021).    433 

The relation between forest structure and microclimate buffering, however, can vary depending on regional 434 

climates and the local water cycle (Ehbrecht et al., 2019). For example, von Arx et al. (2013) showed that during 435 

dry periods, the buffering capacities generally increased below dense canopies, yet decreased below sparse canopies. 436 

Also Davis et al. (2019) showed that especially forests with a sparse canopy cover, would lose buffering capacity in 437 

future water-limited regions. Furthermore, recent research showed that in stands with lower basal area, the 438 

transpiration sensitivity of trees to high VPD values increased (Bachofen et al., 2023). Additionally, regional 439 

differences in cloud cover and its seasonality can affect surface temperatures and the strength of urban heat islands 440 

(Dai et al., 1999; Morris et al., 2001). Furthermore, the size, shape and position within the city might affect urban 441 

forest microclimates as well (Jaganmohan et al., 2016; Sodoudi et al., 2018; Zhu et al., 2022). These regional 442 

differences were controlled for in this study, but not explicitly investigated due to the limited number of urban 443 

forests (n=6). However, we advocate for future studies including a large number of urban forests of varying sizes 444 

and shapes across different climate types to explore these topics.   445 

Topography was included as a covariate in the statistical analyses because of the range in elevation, especially 446 

pronounced in Stockholm and Paris. In those two regions, the slope was highest at the urban forest edge and 447 

decreased towards the forest interior (significant edge effect on slope, see Fig. S10). The slope effect in these 448 

models indicating warmer and drier microclimates with increasing slope is thus probably caused by the correlated 449 

edge effect. We also reported some small effects of elevation and we found lower summer temperatures and VPDs 450 

for more north-oriented forest plots (Bennie et al., 2008). These effects were small and should be interpreted with 451 

caution given the limited variability of elevation, slope and aspect in our dataset.  452 

3) Daily minimum temperatures were warmer at urban forest edges than interiors throughout all 453 

seasons (hypothesis 3). 454 

Contrary to the common microclimatic theory and findings stating that forest edges show more extreme warm 455 

and cold temperatures than forest interiors, we found minimum temperatures to be warmer  at the forest edges 456 
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than in forest interiors throughout the whole year. These findings support our hypothesis that the UHI effect can 457 

change edge-to-interior microclimate patterns, especially in terms of minimum temperatures. Urban forest edges 458 

experience less cooling during the night than the forest interior. In summer, species at the urban forest edge might 459 

be exposed to more heat stress because they experience a shorter time period for recovery at night. During winter, 460 

cold extremes are less intense at the urban forest edge, which could enhance the survival of warm-adapted species 461 

and exotic species which often originate from warmer regions (Géron et al., 2021). For example, Brice et al. (2014) 462 

found a higher abundance of cold-intolerant lianas in temperate forests in more urbanized landscapes and forest 463 

edges. Additionally, vegetation at the urban forest edge might be less exposed to spring frost and experience a 464 

longer growing season than the forest interior.  465 

In their recent review, Frank and Backe (2023) teased apart the local and landscape effects of UHIs on forests. 466 

They mention that temperatures will be consistently warmer, in general and specifically during the night, within 467 

forests that are surrounded by urbanized landscapes. The significantly higher daily mean and minimum 468 

temperatures we found at exceptionally large distances from the urban forest edge could be interpreted as a 469 

landscape-scale UHI effect and less so as a local edge effect extending very deep into the urban forest. This 470 

observation is supported by the typically strong edge effects we found on daily maximum temperatures, which we 471 

reported only up to the shorter distance of 50 m away from the edge. Therefore, we argue that we observed both 472 

local-scale UHI effects as deep edge effects (up to 50 m) and landscape-scale effects as general warming of the 473 

forests up to a considerable distance, especially at night. 474 

4) Implications for urban forest management  475 

Preserving structurally dense and at least 50 m wide edge buffer zones and existing urban forests that provide 476 

forest interior habitat will ensure the presence of maximally buffered forest interior as a refuge for urban 477 

biodiversity and citizens during summer heat waves. Furthermore, our results suggest that forest managers can 478 

increase the buffering capacity of urban forests by managing for dense or multi-layered canopies. These measures 479 

can greatly reduce maximum daytime summer temperatures and thus help to mitigate the negative impact of the 480 

UHI effect on human well-being and on the biodiversity in the forest. However, the cooling of night-time 481 

temperatures cannot be achieved by management interventions in the forest. To reach lower night-time 482 

temperatures, a reduction of the UHI itself is needed by other measures, such as increasing the tree cover within 483 

the city or using cool green roofs or pavements (Li et al., 2014; Wang & Akbari, 2016; Ziter et al., 2019; Winbourne 484 
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et al., 2020). Finally, the choice of tree species in urban forests is becoming increasingly important in the context 485 

of UHIs. For example, the UHI could lead to (drought) stress and consequent changes in the emission of biogenic 486 

volatile organic compounds (BVOC) in trees (Niinemets, 2010; Calfapietra et al., 2015; Seco et al., 2015). 487 

Considering species’ VOC emission potential thus becomes increasingly important for urban forest managers to 488 

avoid a negative effect of trees on the city’s air quality (Calfapietra et al., 2013; Curtis et al., 2014). Additionally, the 489 

UHI could amplify climate change effects (Esperon-Rodriguez et al., 2020; Hirons et al., 2021). A recent study 490 

calculated that more than half of tree and shrub species planted in cities are growing in climatic conditions that 491 

exceed the temperature range observed across their biogeographic distribution and even 65% of tree and shrub 492 

species in terms of precipitation ranges. These numbers are expected to rise further with continuing climate change 493 

and clearly demonstrate how crucial the choice of species becomes for the future of urban forests (Esperon-494 

Rodriguez et al., 2022).   495 

Conclusion and outlook 496 

Urban forest edges were warmer and drier throughout the whole year, than the urban forest interior and these 497 

microclimatic changes reached up to 50 m into urban forests. In addition, we found that daily mean and minimum 498 

temperatures were raised by the UHI effect, not only at the urban forest edge but also at large distances within 499 

forest interiors. Potential consequences for forest health, productivity and biodiversity at urban forest edges can 500 

be expected but have yet to be investigated. We conclude that urban forest edges represent unique forest-city-501 

ecotones characterised by specific microclimates. Urban forest edge-to-interior gradients could thus help us 502 

understand the future risks for both urban and rural forests in terms of climate extremes. To conserve and expand 503 

the capacity of urban forests to buffer the negative impacts of climate extremes, we encourage urban forest 504 

managers to aim for multi-layered dense forest canopies and consider edge buffer zones of at least 50 m. 505 
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