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ABSTRACT
Aim: Mountain roads host plant communities that differ strongly from the adjacent natural vegetation. Besides the effect of 
propagule pressure, altered disturbance and soil processes, one of the reasons given for the strong influence of mountain roads 
on species distributions is a significantly altered soil thermal microclimate in the roadside compared to the adjacent vegetation, 
as a direct consequence of road disturbance. However, the thermal microclimatic differences between roadside and natural veg-
etation have rarely been quantified, particularly across large spatial extents. This study provides the first global quantification of 
roadside soil temperature patterns along elevational gradients.
Location: Mountain roads in eight mountain regions from the Mountain Invasion Research Network (MIREN): Argentina, 
Chile, Czech Republic, Norway, Spain (Tenerife and La Palma), Switzerland, and the USA.
Methods: In this study, we analysed in situ measured topsoil temperatures (< 10 cm) and forest cover of roadsides and adjacent 
natural vegetation plots, in a systematically paired design.
Results: Across most regions, roadside soils exhibited consistently warmer maxima (3.62°C ± 2.61°C) and colder minima 
(1.39°C ± 1.40°C) than soils in adjacent vegetation. Although temperature distributions between roadside and natural habitats 
largely overlapped, these systematic shifts indicate increased thermal variability and higher frost risk in roadside environments.
Main Conclusions: Roadsides create distinct thermal microhabitats even within heterogeneous mountain landscapes. These 
altered temperature regimes, particularly when combined with vegetation structure and other environmental factors such as soil 
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moisture, may influence plant performance and distribution. Our findings highlight the ecological relevance of thermal micro-
climates in understanding biodiversity patterns along mountain roads.

1   |   Introduction

Both the effects of mountain roads and the elevation-dependent 
temperature gradient on plant communities in mountain eco-
systems are well understood. Plant communities along moun-
tain roads are known to significantly differ from those in the 
surrounding natural vegetation (Seipel et  al.  2012; Haider 
et al. 2018). Indeed, both native and non-native species report-
edly shift their distributions along mountain roads, expand-
ing their range limits (Lembrechts et al. 2017; Iseli et al. 2023). 
These changes in communities have been linked to a diverse 
range of factors, including facilitated propagule transporta-
tion, a higher intensity and frequency of disturbance regimes, 
altered biotic interactions, and modified soil conditions 
compared to the adjacent vegetation (Rauschert et  al.  2017; 
Müllerová et  al.  2011). Plant communities along elevational 
gradients are expected to shift upslope in response to climate 
warming (Mountain Research Initiative EDW Working group 
2015) and amplified microclimatic fluctuations along moun-
tain roads may further enhance this effect compared to ad-
jacent, less disturbed vegetation. However, the nature of the 
latter, and the magnitude of these microclimatic differences 
between roadside and adjacent natural vegetation, have rarely 
been quantified (but see e.g., Delgado et al. 2007 for mountain 
forests on Tenerife) and surely not globally across multiple 
sites, hampering assessment of their broader importance.

Microclimate is inherently multidimensional, emerging from 
non-linear interactions among radiation, soil moisture, humid-
ity, snow cover, and temperature. While we focus here on soil 
thermal microclimate, temperature represents a central and in-
tegrative component of microclimatic conditions and strongly 
influences ecological processes. Previous research shows that 
roadsides can significantly alter microclimatic environments 
(Delgado et  al.  2007), and soil-level temperatures have been 
shown to be more extreme (i.e., higher maxima, lower min-
ima) when vegetation cover is reduced due to either natural or 
human-induced disturbances (Spellerberg  1998; Lembrechts 
et al. 2018; Haesen et al. 2023). These patterns are well known 
for lowland forests (De Frenne et al. 2021).

In alpine systems, however, effects may differ. Vegetation is typ-
ically shorter and less dense, so disturbances may cause smaller 
relative reductions in structural buffering capacity (Lembrechts 
et al. 2014), rendering a relatively smaller reduction in the buffer-
ing capacity of vegetation cover. Additionally, the more complex to-
pography and thus topoclimatic heterogeneity in mountains might 
obscure any general trend. Finally, microclimate temperatures in 
mountain soils are in general, for at least some part of the year, de-
fined by snow cover (Rixen et al. 2022). Snow cover along roads may 
be reduced through human practices (snow removal, salt applica-
tion) as well as through natural processes (higher solar radiation, 
wind) lowering winter soil temperatures because of the missing 
isolating effect of snow (Freppaz et al. 2008; Harder et al. 2020), 
and earlier spring onset (Koivusalo and Kokkonen  2002). 
Conversely, snow may accumulate along road verges when blown 

or ploughed off the road (Semádeni-Davies 1999), buffering winter 
temperatures, increasing soil moisture and delaying spring onset 
(Pomeroy and Brun 2001; Pomeroy et al. 2001). The netto effect of 
snow on roadside thermal microclimate is thus uncertain.

Here, we present the first multiregional analysis of soil tempera-
tures as a proxy for microclimate along mountain roads, utilizing 
in  situ measurements from eight mountain regions around the 
world. We hypothesise that (1) roadside soil temperatures will sig-
nificantly differ from those in adjacent vegetation, with notably 
higher maximum and summer soil temperatures due to increased 
solar exposure. Given the expected heterogeneity in snow patterns, 
we further hypothesise that (2) mean and minimum winter soil 
temperatures on roadsides will vary relative to adjacent vegetation, 
depending on both roadside management practices and regional 
snow conditions; for example, snow removal is expected to lower 
winter minima, whereas snow accumulation may buffer tempera-
tures. Consequently, as a result of increased summer maxima (on 
average, a positive effect on growing season temperatures) and 
high winter temperature variability (on average, a neutral effect 
on growing season temperatures), we predict (3) a greater num-
ber of growing degree days (GDDs) and higher mean annual soil 
temperatures in roadsides. All effects are expected to be (4) more 
pronounced at low than at high elevations for maximum tempera-
tures due to the more substantial impact of roadside disturbances 
on vegetation cover and the negative correlation between elevation 
and vegetation cover and height (Lembrechts et al. 2014), yet po-
tentially more pronounced at high elevations for minimum tem-
peratures due to a stronger impact of snow at high elevations.

2   |   Methods

2.1   |   Field Monitoring

Temperatures were monitored in the topsoil layer (< 10 cm) of 
roadsides and adjacent natural vegetation plots, in a systemati-
cally paired design, along mountain roads in eight mountain re-
gions from the Mountain Invasion Research Network (MIREN): 
Argentina, Chile, Czech Republic, Norway, Spain (Tenerife and La 
Palma), Switzerland, and the USA (Figure 1; Haider et al. 2022).

Within the framework of the long-term vegetation monitoring 
program directed by the MIREN network (www.​mount​ainin​
vasio​ns.​org; Haider et al. 2022) along mountain roads (i.e., paved 
or gravel roads open to motorised vehicles), each region selected 
up to three roads that extend over a broad elevational gradient, 
from the bottom of the mountain region, in a valley, at sea level, 
or where no further elevation change occurred, whenever pos-
sible up till the highest elevation reached by roads in the region. 
The elevation gradient of each road was then divided into 19 
equally wide elevational bands from the lowest to the highest 
possible sampling location, resulting in a total of 20 sample sites 
per road. At each of these sample sites, three 2 m × 50 m vegeta-
tion survey plots were laid out in the form of a ‘T’-shaped tran-
sect, one plot parallel to the road and the other two extending 
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end-to-end and perpendicular to the road, starting from the 
center of the first plot, with midpoints at 25 and 75 m from the 
roadside plot (Figure 1b; Haider et al. 2022).

In the eight regions, these T-shaped vegetation plots have been 
installed between 2007 and 2021, with the intention of repeating 
vegetation monitoring every 5 years. In all or a selection of these 
vegetation plots, small, rugged temperature sensors (iButtons 
DS1921G or DS1922L (Maxim Integrated), HOBO Pendant UA-
001-08 (Onset) or TOMST TMS4s (shortened; 23 cm instead of 
the standard 29 cm; Wild et  al.  2019; Table  1)) were installed, 
each time pairwise: one sensor in the middle of the roadside 
plot vs. one in the middle of the second perpendicular plot (i.e., 
at 50 m from the roadside plot). One exception is Switzerland, 
where this pairwise design was not present. Paired sensors were 

of the same brand to rule out a possible effect of the factor brand. 
iButtons were wrapped in parafilm to prevent moisture damage 
and put into a small Ziplock bag; iButtons and HOBOs were bur-
ied just below the soil surface (0–5 cm). The shortened TOMST 
TMS4s sensors were installed vertically, with their top at the soil 
surface, and the data from the second sensor (6 cm below the 
soil surface) was used. Note that when measuring the tempera-
ture of soil below the surface, no radiative heat is supplied to a 
thermometer and the errors in measurement resulting from, for 
example, sensor brand or wrapping are likely to be negligible 
(Maclean et al. 2021). Sensors measured temperatures every 15 
to 240 min over a period of at least 12 months between 2014 and 
2022 (Table 1 and Figure 1). In all regions, plot-level forest cover 
was documented over the elevational gradient as the percentage 
of surface area covered by trees per T-transect.

FIGURE 1    |    (a) Location of the eight study regions across the globe, on a backdrop of a digital elevation model highlighting high-elevation zones 
(Tachikawa et al. 2011). Naming convention of regions is following Haider et al. (2022). (b) MIREN transect design showing a T-shaped transect 
bordering one roadside along an elevational gradient, as well as the location of the two soil temperature sensors in each transect, along the roadside 
(sensor 1) and within adjacent and undisturbed vegetation (sensor 2) (adapted from Haider et al. 2022). The inset mountain drawing shows the spread 
of T-transects along a hypothetical mountain road. (c) Example of a one-year temperature time series, at hourly resolution, in a roadside (red) and 
adjacent vegetation (blue) plot, based on data from a plot at 500 m a.s.l. in Norway (★). Note the quasi-horizontal line during winter in the adjacent 
vegetation, indicating the insulating effect of snow.
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2.2   |   Temperature-Related Bioclimatic Variables

The sensor data was used to calculate a series of temperature-
related bioclimatic variables for each location: (i) mean annual 
temperature (averages over a 12-month period; BIO1 following 
the ANUCLIM framework, Xu and Hutchinson 2011); (ii) mean 
summer (BIO10) and (iii) winter (BIO11) temperature (average 
over, respectively, July–September for summer and December–
February for winter in the Northern Hemisphere, and vice versa 
in the Southern Hemisphere; these months were in each region 
identified as the warmest and coldest quarter based on the avail-
able data); and (iv) growing degree days (GDD, in °C × days), 
representing the sum of all daily mean temperatures in a year 
that exceed a specific threshold, set here at 0°C. Although not 
part of the ANUCLIM framework, GDD provides ecologically 
meaningful insights into the impacts of temperature variation 
across spring, summer, and autumn. Finally, we obtained (v) the 
maximum (BIO5) and (vi) the minimum (BIO6) temperature of 
the warmest and coldest months of the year, respectively. More 
precisely, BIO5 was calculated as the 5% highest daily maximum 
temperature in a month, to remove extreme outliers. Similarly, 
BIO6 was defined as the 5% lowest daily minimum in a month.

2.3   |   Statistical Analysis

All analyses were performed in R version 4.2.1. Each bioclimatic 
variable, used as a response variable, was modelled as a function 
of plot-level elevation (in m a.s.l.) interacting with distance to the 
road (binary: roadside vs. 50 m distance from the roadside plot 
in adjacent natural vegetation). Additionally, each bioclimatic 
variable was modelled as a function of forest cover of the adja-
cent plot (in percentage) interacting with distance to the road. 
We used separate models due to the correlation between plot-
level elevation and forest cover (see Supporting Information A). 
We modelled temperatures as a function of forest cover in the 
adjacent plot, assigning the same forest cover value to the road-
side plot. This approach allowed the forest cover variable to re-
flect changes in forest cover across the elevation gradient, while 
the influence of roadside disturbance on soil thermal microcli-
mate—via reduced forest cover, among others—was captured 
by the distance-to-road variable. This distinction enabled us to 
focus on the overall effect of roadside disturbance. Models were 
fitted using linear mixed-effects models (package lme4, Bates 
et al. 2015), with the elevation × distance to the road interaction 
as a random slope effect acting on region. This way, we could 
obtain region-specific coefficients for both the elevation and 
road parameter and their interaction term, using partial pooling 
(Harrison et al. 2018). In addition to that and to account for the 
paired sampling design, that is, two sensors sharing the same 
transect, we added a unique transect identifier or ID as a ran-
dom intercept term in each model. This paired sampling design 
is similar for all sampled regions, therefore region and transect 
ID are treated as crossed random effects.

As temperature variation decreased near 0°C, six of the inves-
tigated bioclimatic variables (all except growing degree days) 
were log-transformed. To avoid taking the logarithm of the few 
negative values, we first rescaled each variable by adding a con-
stant equal to 0.01-min(bio_variable), ensuring that all values 
were positive prior to transformation.T
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The final model thus had the form:

log(bio. variable + (0.01-min(bio. variable)) 
~ Elevation × Road + (Elevation × Road | 
Region) + (1 | Transect ID)).

When presenting predicted response curves, we back-
transformed model predictions to the original scale by exponen-
tiating the fitted values and subtracting the same constant used 
for rescaling, that is,

predicted_original <- exp(predicted) - (0.01 
- min(bio_variable))

All reported effect sizes and ecological interpretations are based 
on these back-transformed values, ensuring that results are ex-
pressed in the original temperature units.

Using the same data, an assessment of global emerging patterns 
was made for each bioclimatic variable to visualise the effect of 
both elevation and forest cover independent of the region. For 
this, a reduced version of the above-described model was used. 
Since the different regions had differing elevational ranges, ele-
vation was scaled within each region, using a mean of zero and 
a standard deviation of one.

Model predictions were visualised using the ggplot2 package 
(Wickham 2011).

We further performed a variance partitioning analysis to quan-
tify the relative contribution of the main fixed effects and the 
random-effects structure. We calculated marginal and con-
ditional R2 for mixed models following the Nakagawa frame-
work using the performance package (Lüdecke et al. 2021). The 
unique (semi-partial) contribution of each focal fixed effect (i.e., 
elevation or forest cover, road, and their interaction) was esti-
mated using a leave-one-out approach: for each term, we fitted 
a reduced model excluding that term and quantified the change 
in marginal R2 relative to the full model. Variance attributable 
to the random-effects structure (regional heterogeneity and 
transect-level differences) was summarised as the difference be-
tween conditional and marginal R2. Semi-partial R2 and vari-
ance partitioning were implemented using the partR2 package 
(Stoffel et al. 2021). This procedure allowed us to directly com-
pare the relative explanatory power of elevation, forest cover, 
roadside position and site identity.

3   |   Results

3.1   |   Global Model

Across all regions, mean annual and mean summer soil tem-
peratures, Growing Degree Days, and maximum annual soil 
temperatures were higher in roadsides compared to adjacent 
vegetation (Figure 2; Tables 2 and 3). Conversely, annual min-
imum and mean winter soil temperatures became lower in 
roadsides towards higher elevations. Elevation significantly 
influenced all temperature variables, often interacting with 
the road effect. For instance, mean summer soil tempera-
tures on the roadsides were 1.79°C warmer than in adjacent 

vegetation at low elevations but only 1.07°C warmer at high 
elevations (Table 2).

The effect of forest cover on the temperature-related biocli-
matic variables was significant for mean summer temperatures, 
Growing Degree Days and maximum annual soil temperatures. 
Most notably, for all variables, there was a positive interaction 
between distance to the road and forest cover: soil temperatures 
in roadsides were substantially higher relative to adjacent vege-
tation at sites with high forest cover compared to those with low 
forest cover (Tables S1 and S2; Figure S1).

3.2   |   Regional Trends

At the regional level, soil temperature patterns on roadsides 
broadly reflect those observed in the global-level model, with 
notable regional variations (Figures  3 and 4; Tables  2 and 3). 
Mean annual soil temperatures were consistently higher on 
roadsides than adjacent vegetation in five out of eight regions. 
Roadside temperatures were, on average, 0.63°C ± 0.52°C higher 
in lowlands (lowest plot on transect) and 0.88°C ± 0.69°C higher 
in highlands (highest plot on transect) than in adjacent and un-
disturbed vegetation. Mean summer soil temperatures followed 
a similar trend, being consistently higher on roadsides across 
seven out of eight regions, on average 1.64°C ± 1.24°C than in 
adjacent vegetation. Mean winter soil temperatures, however, 
were lower on roadsides in four out of eight regions or became 
lower with elevation in two other regions, being 0.59°C ± 0.51°C 
lower, on average, than in adjacent vegetation (Figure  3 and 
Table 2).

Similarly, growing degree days (GDD) were consistently higher 
on roadsides than in adjacent vegetation in six out of eight re-
gions, averaging 322.93°C ± 164.64°C × days higher across these 
regions, but became lower towards higher elevations in two re-
gions (Figure 4 and Table 3). Annual soil temperature maxima 
were consistently higher on roadsides in seven regions increas-
ing by up to 3.62°C ± 2.61°C, on average, while annual minima 
were consistently lower in two regions or became lower at higher 
elevations in four others, decreasing with 1.39°C ± 1.40°C on av-
erage. Importantly, while adjacent vegetation soil temperatures 
declined with elevation, roadside soil temperatures sometimes 
increased, such as for annual maxima in Norway, Switzerland, 
the USA and La Palma. In both Norway and Switzerland mini-
mum annual soil temperatures seem to increase with elevation 
in roadsides as well as the adjacent vegetation. The USA showed 
the largest roadside-to-vegetation difference for annual maxi-
mum soil temperatures (Table 2).

The effect of forest cover, though not significant in all regions, 
revealed distinct trends where present. Mean annual soil tem-
peratures increased with forest cover in two regions and sum-
mer soil temperatures increased with forest cover in only one 
of the eight regions (warming effect) but decreased in the other 
four (cooling effect, Figure S2 and Table S1). Roadside mean an-
nual and summer soil temperatures consistently exceeded those 
in adjacent vegetation across all regions, except for the mean 
annual temperature in Argentina at low elevations. Mean an-
nual soil temperatures were on average 0.47°C ± 0.29°C higher 
at low elevations and 1.36°C ± 1.13°C higher at high elevations. 
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6 of 13 Global Ecology and Biogeography, 2026

Mean summer soil temperatures were 0.83°C ± 0.52°C higher 
at low elevations and 2.75°C ± 1.82°C higher at high elevations. 
There was a typical decrease with forest cover for GDD in six 
out of the eight regions, annual maximum temperatures in all 
regions, and minimum soil temperatures in six out of eight re-
gions. Annual maximum soil temperatures were consistently 
higher or became higher with increasing forest cover on road-
sides than in the adjacent, undisturbed vegetation. The same 
trend can be seen for GDD in seven out of eight regions (Table S2 
and Figure S3). As with elevation, the USA showed the largest 
roadside-to-vegetation difference for annual maximum soil tem-
peratures (Table S2).

3.3   |   Variance Partitioning

While explanatory power is relatively low, elevation was for all 
bioclimatic variables—except maximum temperature—the pa-
rameter with the highest explanatory power (between 0.4% and 
9.2%, Figure 5 and Table S3). In the models for forest cover, how-
ever, road was for all bioclimatic variables—except mean sum-
mer temperature—the parameter with the highest explanatory 
power (between 0.1% and 4.1%, Figure S4 and Table S4). As can 
be seen in Figure S5 for both the elevation and forest cover mod-
els, most of the variation in the random effect was captured by 
the regional level. One exception is mean annual soil tempera-
ture, where most of the variation was explained by the residuals.

4   |   Discussion

Soil thermal microclimates in mountain roadsides differed con-
sistently from those in adjacent natural vegetation, with average 
differences often exceeding 1°C. Although temperature dis-
tributions between roadside and natural habitats largely over-
lapped, these systematic shifts were substantial when placed in 
an elevational context. Indeed, roadside soil temperatures were 
frequently more similar to those observed several hundred me-
ters higher or lower along the elevational gradient than to tem-
peratures measured only 50 m away in adjacent vegetation at the 
same elevation. Our models estimated an average elevational 
lapse rate of 0.43°C per 100 m in soil temperature within natural 
vegetation, meaning that the observed 1°C roadside shift corre-
sponds to more than 200 m of elevational displacement of the 
temperature regime. For comparison, the global macroclimatic 
lapse rate in air temperature is approximately 0.65°C per 100 m 
(ICAO 1993).

While we observed significant variation in these trends between 
regions, we especially found strong evidence for warmer annual 
maxima and summer mean soil temperatures along roadsides 
compared to the adjacent vegetation, and lower annual minima 
and mean winter soil temperatures on roadsides at high eleva-
tions. Looking at the forest cover gradient, the same patterns 
were found for annual maxima and summer soil temperatures, 
warmer along roadsides compared to the adjacent vegetation, 

FIGURE 2    |    Key temperature-related soil bioclimatic variables as a function of elevation (x-axis, elevational values scaled within each region 
with a mean of zero and a standard deviation of one) and distance to the road including the 95% confidence intervals (roadside = red, natural veg-
etation = blue) across all eight mountain regions. Top row: Mean annual soil temperature, monthly mean soil temperature during summer (July–
September on the northern hemisphere, December–February on the southern hemisphere) and monthly mean soil temperature during winter 
(December–February on the northern hemisphere, July–September on the southern hemisphere). Bottom row: Growing Degree Days (GDDs), annual 
maximum soil temperature and annual minimum soil temperature. Points are raw measurements, fitted curves are drawn using the coefficients of 
the fixed effects of linear mixed models using the logarithm of the dependent variable (see Table 1).
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7 of 13Global Ecology and Biogeography, 2026

TABLE 2    |    (a) Global coefficients (including p-values) and region-specific coefficients for key temperature-related soil bioclimatic variables as a 
function of elevation and distance to the road for eight mountain regions, as in Figure 2.

(a) (b)

Intercept Elevation Road Elevation: Road

Roadside T relative 
to adjacent

Lowland Highland

Mean annual soil temperature (°C) -R2C: 0.88 -R2M: 0.10

Global 2.07 (< 0.001) −0.22 (< 0.001) 0.10 (< 0.001) 0.020 (0.0964) +0.81 +0.83

Norway 1.62 −0.00052 0.13 −0.00014 +0.69 +0.11

Czech Republic 2.39 −0.00048 0.054 −0.0000091 +0.42 +0.23

Argentina 2.87 −0.00080 0.034 −0.000050 −0.10 −0.27

USA 4.5 −0.0012 −0.068 0.00011 +1.50 +0.67

Switzerland 2.69 −0.00032 0.0069 0.000052 +0.37 +0.87

Chile 2.90 −0.00040 −0.0045 0.000053 +0.17 +0.82

La Palma 3.03 −0.00023 −0.037 0.000063 −0.52 +1.38

Tenerife (Spain) 3.29 −0.00030 −0.047 0.000083 −1.18 +2.13

Mean summer soil temperature (°C) -R2C: 0.81 -R2M: 0.14

Global 2.43 (< 0.001) −0.14 (< 0.001) 0.11 (< 0.001) 0.0009 (0.958) +1.79 +1.07

Norway 2.11 −0.00048 0.12 −0.000015 +0.90 +0.84

Czech Republic 2.68 −0.00042 0.03 0.000040 +0.50 +0.92

Argentina 2.80 −0.00047 −0.17 −0.00012 −0.60 +0.13

USA 3.87 −0.00075 0.68 −0.000178 +5.15 +0.39

Switzerland 2.86 −0.00024 0.08 0.000020 +1.15 +1.83

Chile 2.96 −0.00030 0.04 0.00050 +0.52 +2.05

La Palma 2.90 −0.00008 0.08 0.000007 +1.11 +2.23

Tenerife (Spain) 3.29 −0.00016 0.06 0.000028 +1.78 +2.43

Mean winter soil temperature (°C) -R2C: 0.84 -R2M: 0.17

Global 2.68 (< 0.001) −0.11 (< 0.001) −0.027 (0.009) −0.024 (0.026) +0.37 −0.85

Norway 2.45 −0.00019 −0.041 −0.000020 −0.52 −0.48

Czech Republic 2.81 −0.00024 −0.049 −0.000004 −0.72 −0.41

Argentina 2.97 −0.00029 0.022 −0.000025 −0.030 −0.15

USA 3.40 −0.00047 0.338 −0.00017 +0.48 −1.28

Switzerland 2.79 −0.00018 −0.121 0.000038 −1.65 −0.39

Chile 3.18 −0.00029 0.013 −0.000011 +0.12 +0.013

La Palma 3.39 −0.00024 −0.039 0.000023 −1.23 +0.37

Tenerife (Spain) 3.49 −0.00028 0.027 −0.000006 +0.75 −0.24

Note: Top row: Mean annual soil temperature. Middle row: Monthly mean soil temperature during summer (July–September on the northern hemisphere, December–
February on the southern hemisphere). Bottom row: Monthly mean soil temperature during winter (December–February on the northern hemisphere, July–September 
on the southern hemisphere). Coefficients are derived from a partial pooling procedure on linear mixed models using the logarithm of the dependent variable. Positive 
coefficients in black, negative coefficients in red. For ‘road’, positive values indicate a positive correlation between warming and closeness to the road. (b) Modelled 
thermal differences between the roadside and the adjacent at the lowest (lowland) and highest (highland) elevation of each region's elevational gradient. Negative 
differences (roadsides cooler than adjacent) in red. Regions are ordered from lowest to highest mean annual soil temperature in their lowest elevation plot. For each 
model, the conditional (R2C) and marginal (R2M) R2 are given as well. Values derived from the global model are indicated in bold.
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8 of 13 Global Ecology and Biogeography, 2026

although forest cover itself was a less strong predictor than el-
evation. Overall, these findings suggest a greater coupling be-
tween thermal macro- and microclimatic fluctuations along 

roadsides than in the adjacent vegetation, implying that the nat-
ural conditions are less susceptible to changes in thermal macro-
climatic conditions with the vegetation cover potentially acting 

TABLE 3    |    (a) Global coefficients (including p-values) and region-specific coefficients for key temperature-related soil bioclimatic variables as a 
function of elevation (m a.s.l.) and distance to the road (road versus adjacent) for eight mountain regions, as in Figure 3.

(a) (b)

Intercept Elevation Road Elevation: Road

Roadside T relative 
to adjacent

Lowland Highland

Growing Degree Days (°C × days) -R2C: 0.93 -R2M: 0.27

Global 8.04 (< 0.001) −0.18 (< 0.001) 0.11 (< 0.001) 0.011 (0.325) +426.49 +316.38

Norway 8.18 −0.00073 0.071 0.000194 +160.92 +539.00

Czech Republic 8.34 −0.00068 0.065 0.000025 +205.98 +168.07

Argentina 8.52 −0.00062 0.058 −0.000053 +24.72 −60.80

USA 8.73 −0.00052 0.050 0.000062 +425.54 +330.40

Switzerland 8.62 −0.00046 0.054 0.000043 +398.83 +340.39

Chile 8.75 −0.00043 0.049 −0.000004 +394.54 +139.70

La Palma 8.95 −0.00029 0.042 0.000009 +635.19 +136.58

Tenerife (Spain) 9.14 −0.00025 0.034 −0.000028 +857.57 −274.27

Maximum annual soil temperature (°C) -R2C: 0.80 -R2M: 0.044

Global 2.65 (< 0.001) −0.046 (0.0148) 0.247 (< 0.001) 0.033 (0.029) +3.08 +4.77

Norway 2.21 −0.00010 0.113 0.00048 +1.18 +4.78

Czech Republic 2.32 −0.00010 0.116 0.00004 +1.37 +1.59

Argentina 2.51 −0.00010 0.110 −0.00012 +0.04 −0.86

USA 3.04 −0.00009 0.086 0.00013 +6.50 +9.75

Switzerland 2.92 −0.00009 0.091 0.00011 +2.61 +5.37

Chile 3.00 −0.00009 0.088 0.00005 +2.05 +3.08

La Palma 2.91 −0.00009 0.091 0.00011 +2.07 +6.05

Tenerife (Spain) 3.52 −0.00009 0.068 0.00005 +2.41 +5.50

Minimum annual soil temperature (°C) -R2C: 0.81 -R2M: 0.061

Global 2.96 (< 0.001) −0.072 (< 0.001) −0.091 (< 0.001) −0.077 (< 0.001) +1.46 −3.63

Norway 2.63 0.000161 −0.043 −0.000096 −0.76 −1.49

Czech Republic 3.05 −0.000056 0.035 −0.000071 +0.36 −0.89

Argentina 3.04 −0.000054 0.100 −0.000111 +0.24 −1.18

USA 3.97 −0.000541 1.090 −0.000543 +3.39 −4.96

Switzerland 2.94 −0.0000002 −0.118 −0.000002 −1.75 −1.89

Chile 3.10 −0.000086 0.097 −0.000098 +1.40 −0.86

La Palma 3.60 −0.000348 −0.021 0.000058 −0.13 +0.66

Tenerife (Spain) 3.53 −0.000309 0.009 0.000027 −0.019 +0.41

Note: Top row: Growing Degree Days. Middle row: Annual maximum soil temperature (95% highest). Bottom row: Annual minimum soil temperature (5% lowest). 
Coefficients are derived from a partial pooling exercise on linear mixed models using the logarithm of the dependent variable. Positive coefficients in black, negative 
coefficients in red. (b) Modelled temperature differences between the roadside and the adjacent at the lowest (lowland) and highest (highland) elevation of each 
region's elevational gradient. Negative differences (roadsides cooler than adjacent) in red. Regions are ordered from lowest to highest mean annual soil temperature in 
their lowest elevation plot. For each model, the conditional (R2C) and marginal (R2M) R2 are given as well. Values derived from the global model are indicated in bold.
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9 of 13Global Ecology and Biogeography, 2026

as a buffer. However, a potential amplifying effect of roadsides 
in comparison to temperature fluctuations as measured by reg-
ular weather stations cannot be ruled out.

As a result of the above, mean annual soil temperatures and 
GDDs were often higher on roadsides than in the adjacent 
vegetation. Noteworthy, the difference in GDD between road-
side and natural communities was especially large at high 
forest cover, suggesting a substantial disruption of the well-
known microclimate buffering capacity of forests (De Frenne 

et al. 2021). Roadside thermal microclimatic conditions could 
therefore be beneficial to species coming from warmer areas, 
in line with the observed significant upward shift in eleva-
tional distributions for both native and non-native lowland 
species along the roads in several of the studied mountain 
regions (Lembrechts et al. 2017; Iseli et al. 2023). While it is 
unlikely that these altered thermal microhabitat conditions 
are the only determinant of these elevational shifts upslope, 
it has been shown experimentally that locally increased GDDs 
are linked with improved establishment success of native 

FIGURE 3    |    Key temperature-related soil bioclimatic variables as a function of elevation (x-axis) and distance to the road including the 95% confi-
dence intervals (roadside = red, natural vegetation = blue) for eight mountain regions. Top row: Mean annual soil temperature. Middle row: Monthly 
mean soil temperature during summer (July–September on the northern hemisphere, December–February on the southern hemisphere). Bottom 
row: Monthly mean soil temperature during winter (December–February on the northern hemisphere, July–September on the southern hemisphere). 
Points are raw measurements, fitted curves are from a partial pooling procedure using linear mixed-effects models with the logarithm of the depen-
dent variable (see Table 1). Regions ordered from lowest to highest mean annual soil temperature in their lowest elevation plot.

FIGURE 4    |    Key temperature-related soil bioclimatic variables as a function of elevation (x-axis) and distance to the road including the 95% con-
fidence intervals (roadside = red, natural vegetation = blue) for eight mountain regions. Top row: Growing Degree Days (GDDs). Middle row: Annual 
maximum soil temperature. Bottom row: Annual minimum soil temperature. Points are raw measurements, fitted curves are from a partial pooling 
exercise on linear mixed models using the logarithm of the dependent variable (see Table 2). Regions are ordered from lowest to highest mean annual 
soil temperature in their lowest elevation plot.
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10 of 13 Global Ecology and Biogeography, 2026

plant species above their current elevational distributions 
(Lembrechts et  al. 2016, 2017, 2018). Importantly, however, 
these elevated roadside soil temperatures can, in combination 
with other environmental aspects linked to a warmer micro-
climate, also promote the establishment of non-native plant 
species near roadsides, as the warmer microclimate provides 
an important environmental variable for rapid growth, by-
passing the cold adaptations required in alpine environments 
(Lembrechts et al. 2016, 2017, 2018).

As expected, roadside effects were more consistent for mean, 
summer, and maximum soil temperatures than for winter soil 
temperatures and minima. Winter temperature differences 
between roadsides and adjacent vegetation likely reflect varia-
tion in snow cover and snow depth across regions. Roads are 
often cleared of snow, whereas adjacent verges may accumu-
late snow due to wind redistribution or mechanical ploughing 
(Semádeni-Davies  1999), though snow clearing is typically re-
stricted to lower elevations. Despite this complexity, winter soil 
temperatures and minima were shown to be more often lower 
on roadsides than in the adjacent vegetation, suggesting that 
snow cover loss is a more important process than snow accu-
mulation, at least along the studied roads. This would be in line 
with the often-observed higher GDDs along roadsides, which 
could at least partially result from earlier snowmelt in spring 
(Wipf et  al.  2006). Clearly, this earlier snowmelt causes a re-
duction of the albedo along roadsides in snow conditions which 
leads to a higher intake of radiative heat from the sun. This 
seemingly apparent role of snow is further supported by the fact 
that in study regions with the coldest climates, such as Norway 
and the USA, winter temperatures were consistently lower in 

the roadside than in the adjacent vegetation. That pattern was 
clearly reversed in the warmer climate of Tenerife, especially at 
low elevations, where snow never occurs.

The observed lower minima and winter soil temperatures in 
roadsides compared to the adjacent vegetation could at first 
glance be considered the drivers of the observed downward 
shifts, along mountain roads, of native plant species from high 
elevations (Lembrechts et al. 2017). It is however unlikely these 
range shifts are merely caused by thermal differences, as other 
microclimatic aspects like hydric conditions might play an 
equally important role. Nevertheless, most high elevation spe-
cies are not limited by climate at the trailing edge of their distri-
bution, yet by biotic interactions with more competitive lowland 
species (Boulangeat et al. 2012). It is thus more likely that the 
reduced vegetation cover in mountain roads, and the increased 
propagule transport along the roadside corridor are driving 
these downward shifts (Lembrechts et  al.  2017). Additionally, 
the lower minima and thus increased frost risks in roadside soils 
did not stop the observed upward expansion of lowland species, 
suggesting that the increase of 1.64°C, on average, in mean sum-
mer soil temperatures and the increase of 322.93°C x days, on av-
erage, in GDD outweighed the 0.59°C drop, on average, in mean 
winter soil temperatures.

This increase in mean summer soil temperature and GDD asso-
ciated with roadsides may, in combination with changes in other 
microclimatic dimensions, lead to significant shifts in phenol-
ogy and functional diversity within roadside plant communi-
ties. Seed germination, for example, which is easily influenced 
by changes in thermal and hydric microclimatic conditions, 

FIGURE 5    |    Visual representation of the percentage of explanatory power of the fixed effects elevation (m a.s.l), distance to road and the interac-
tion between both for each key temperature-related soil bioclimatic variable (see Table S3). Points show the total contribution of elevation (scaled), 
distance to road, and their interaction, calculated in partR2 as unique (semi-partial) + shared explained variance (shared reflects overlap among 
fixed-effect terms).
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11 of 13Global Ecology and Biogeography, 2026

can occur earlier in warmer conditions, eventually leading to 
an advanced onset of flowering. While this might favor some 
species, it can disrupt many cold-adapted species with strict 
germination requirements (Espinosa del Alba et  al.  2025). 
Microclimatic diversity is an important driver for intraspecific 
trait variation (ITV), a plastic response that allows plants to ad-
just to climatic changes, resulting in trait variation within the 
same species across warmer and colder habitats (Kemppinen 
and Niitynen 2022). Of course, thermal microclimate alone can-
not be used to predict microclimate-driven ecological effects 
without accounting for other dimensions of microclimate such 
as soil moisture, radiation, or humidity. Nevertheless, our study 
should serve as a strong indicator that roadside effects on abiotic 
conditions are significant and thus hold potential downstream 
ecological effects.

Interestingly, local adiabatic lapse rates were often less steep for 
annual maximum soil temperatures on the roadside than in the 
natural vegetation, resulting in higher positive offsets in soil tem-
peratures on the roadsides at higher than at low elevations. This 
was contrary to our expectations, yet might result from a strong 
shading at both low and high elevation in the adjacent vegetation 
while on the roadside there is strong shading only at low eleva-
tion. At high elevations, however, the adjacent vegetation is often 
of too short stature to shade disturbed roadsides, and its shading 
effect is thus limited to the soil growing right underneath it, so the 
intrinsically colder (i.e., high-elevation) sites would warm more 
(in summer). This would reduce the temperature gradient, hence 
the lapse rate. For mean winter temperatures, differences between 
roadside and adjacent vegetation were as expected often larger at 
high elevations, potentially due to larger differences in snow cover.

Patterns were largely but not entirely consistent between re-
gions, showing that the impact of roads on thermal microcli-
mate cannot simply be generalised across the globe. The low 
marginal R2 values suggest that the main predictors, eleva-
tion and distance to the road, explain only a portion of the 
observed variance, with much variation arising from regional 
differences. This finding is supported by the results from the 
variance partitioning, where the region had the highest ex-
planatory power. Part of these regional idiosyncrasies could 
be attributed to macroclimatic conditions in the region, as 
already shown above for mean winter temperatures, but can 
also be caused by differences in roadside management, such 
as the mowing regime, between regions.

For example, in Argentina, roadside soils exhibited unusu-
ally low mean annual and summer temperatures compared 
to adjacent vegetation, possibly due to tree plantings along 
roadsides in an otherwise short-grass landscape. Similarly, on 
La Palma and Tenerife, mean annual temperatures at low el-
evations were higher in adjacent vegetation than in roadside 
soils, likely reflecting a combination of very low forest cover 
and the high heat storage capacity of the volcanic bedrock 
(García-Alvarado et al. 2024; Gunerhan and Hepbasli 2005). 
Additionally, some high-elevation roads remain open during 
snowfall while others are closed, with varying snow accu-
mulation on the roadsides, further contributing to regional 
variation. In Argentina, the absence of detailed forest cover 
data introduces additional uncertainty in interpreting these 
patterns.

Finally, it is important to take into account the temporal cov-
erage of the dataset. Many regions are only represented by a 
single annual cycle and therefore do not capture interannual 
variability in weather conditions. The different regions are not 
all monitored during the same years; the observed regional id-
iosyncrasies might therefore also result from interannual vari-
abilities. However, since most regions are positioned at great 
distances from each other, this effect will not be strong, and re-
gions at smaller distances from each other clearly show a stron-
ger consistency in patterns.

5   |   Conclusions and Implications

Our results undeniably show the importance of roadsides creat-
ing different thermal microclimate conditions in otherwise het-
erogeneous mountain environments. In most regions, roadside 
soil temperatures had warmer and colder extremes than the ad-
jacent vegetation, with lower cold extremes in winter and higher 
risks of extreme heat during summer, but roadsides had also 
longer growing seasons. These temperature trends could poten-
tially explain some of the observed substantial upward shifts 
in lowland native and non-native species distributions along 
mountain roads (Lembrechts et  al. 2016). Thermal microcli-
mate may allow species to survive and reproduce in unsuitable 
macroclimate and adapt to climate change (Ackerly et al. 2020). 
Therefore, it can play an essential role in species distribution 
(Kemppinen et al. 2023). However, our understanding of poten-
tial species redistributions with climate change will also depend 
on other dimensions of microclimate that were not discussed in 
this research.

While our study focuses exclusively on thermal microclimate, 
it highlights the pioneering nature of globally coordinated 
roadside microclimate research. Future studies should aim 
to incorporate additional microclimatic variables such as soil 
moisture, radiation, and humidity, alongside land-use effects, 
to fully capture the environmental conditions influencing 
species distributions. Incorporating such high-resolution mi-
croclimatic data into large-scale biodiversity assessments will 
be essential to understanding how localised roadside effects 
interact with climate change to shape species redistributions 
over space and time (Lembrechts and Nijs  2020; De Frenne 
et al. 2021).
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: Final_annual_incl_LP_1. 
Data S2: Final_monthly_incl_LP_1. Data S3: final_script_eleva-
tion_forestcover. Figure S1: Key temperature-related soil bioclimatic 
variables as a function of forest cover (x-axis) and distance to the road 
including the 95% confidence intervals (roadside = red, natural vegeta-
tion = blue) across all eight mountain regions. Top row: mean annual 
soil temperature, monthly mean soil temperature during summer 
(July–September on the northern hemisphere, December–February on 
the southern hemisphere), monthly mean soil temperature during win-
ter (December–February on the northern hemisphere, July–September 
on the southern hemisphere). Bottom row: Growing Degree Days 
(GDDs), annual maximum soil temperature and annual minimum soil 
temperature. Points are raw measurements, fitted curves are drawn 
using the coefficients of the fixed effects of linear mixed models using 
the logarithm of the dependent variable. Figure S2: Key temperature-
related soil bioclimatic variables as a function of forest cover (x-axis) 
and distance to the road including the 95% confidence intervals (road-
side = red, natural vegetation = blue) for eight mountain regions. Top 
row: mean annual soil temperature, middle row: monthly mean soil 
temperature during summer (July–September on the northern hemi-
sphere, December–February on the southern hemisphere). Bottom row: 
monthly mean soil temperature during winter (December–February 
on the northern hemisphere, July–September on the southern hemi-
sphere). Points are raw measurements, fitted curves are from a partial 
pooling procedure on linear mixed models using the logarithm of the 
dependent variable (see Table 1). Regions ordered from lowest to highest 
mean annual temperature in their lowest forest cover plot. Table S1: (a) 
Global coefficients (including p-values) and region-specific coefficients 
for key temperature-related soil bioclimatic variables as a function of 
forest cover and distance to the road for eight mountain regions, as in 
Figure S2. Top row: mean annual soil temperature, middle row: monthly 
mean soil temperature during summer (July–September on the north-
ern hemisphere, December–February on the southern hemisphere). 
Bottom row: monthly mean soil temperature during winter (December–
February on the northern hemisphere, July–September on the southern 
hemisphere). Coefficients are derived from a partial pooling procedure 
on linear mixed models using the logarithm of the dependent variable. 
Positive coefficients in black, negative coefficients in red. (b) Modelled 
temperature differences between the roadside and the adjacent at the 
lowest and highest coverage percentage of each region's forest cover 

gradient. Negative differences (roadsides cooler than adjacent) in red. 
Regions are ordered from lowest to highest mean annual temperature in 
their lowest forest cover plot. Figure S3: Key temperature-related soil 
bioclimatic variables as a function of forest cover (x-axis) and distance to 
the road including the 95% confidence intervals (roadside = red, natural 
vegetation = blue) for eight mountain regions. Top row: Growing Degree 
Days (GDDs), middle row: maximum annual soil temperature. Bottom 
row: minimum annual soil temperature. Points are raw measurements, 
fitted curves are from a partial pooling exercise on linear mixed models 
using the logarithm of the dependent variable (see Table S2). Regions 
are ordered from lowest to highest mean annual temperature in their 
lowest forest cover plot. Table S2: (a) Global coefficients (including p-
values) and region-specific coefficients for key temperature-related soil 
bioclimatic variables as a function of forest cover (%) and distance to the 
road (road versus adjacent) for eight mountain regions, as in Figure S3. 
Top row: Growing Degree Days, middle row: annual maximum soil 
temperature (95% highest). Bottom row: annual minimum soil tempera-
ture (5% lowest). Coefficients are derived from a partial pooling exercise 
on linear mixed models using the logarithm of the dependent variable. 
Positive coefficients in black, negative coefficients in red. (b) Modelled 
temperature differences between the roadside and the adjacent at the 
lowest and highest coverage percentage of each region's forest cover 
gradient. Negative differences (roadsides cooler than adjacent) in red. 
Regions are ordered from lowest to highest mean annual temperature 
in their lowest forest cover plot. Figure S4: Visual representation of 
the percentage of explanatory power of the fixed effects elevation (m 
a.s.l), distance to road and the interaction between both for each key 
temperature-related soil bioclimatic variable (see Appendix Table S4). 
Points show the total contribution of forest cover, distance to road, and 
their interaction, calculated in partR2 as unique (semi-partial) + shared 
explained variance (shared reflects overlap among fixed-effect terms). 
Figure S5: Visual representation of the percentage of explanatory 
power of the random effects (region and transect) and the residual for 
each key temperature-related soil bioclimatic variable. Table  S3: (a) 
focal fixed effects elevation (m a.s.l.), distance to the road and the inter-
action between elevation-road and their unique (semi-partial) contribu-
tion to the mixed model. The explanatory power of the fixed effects was 
calculated for each key temperature-related soil bioclimatic variable: 
mean annual soil temperature (MAST), mean summer soil temperature 
(MSST), mean winter soil temperature (MWST), minimum annual soil 
temperature (MinAST), maximum annual soil temperature (MaxAST) 
and Growing Degree Days (GDD). Factor indicates the variance ex-
plained by the focal variable only, ‘shared’ indicates the variance shared 
by the focal variable and the rest of the model, and ‘other’ indicates the 
variance explained by the model without the focal variable. The sum of 
Factor and Shared indicates the total variable as explained by the focal 
variable. (b) Proportional contribution of the random-effects structure 
(Region and Transect ID) and the residual to the total variance in each 
mixed model. Region reflects among-region heterogeneity, Transect ID 
captures site-level variation associated with the paired design, and the 
residual represents unexplained within-site variability. Table  S4: (a) 
focal fixed effects forest cover (%), distance to the road and the interac-
tion between forest cover-road and their unique (semi-partial) contribu-
tion to the mixed model. The explanatory power of the fixed effects was 
calculated for each key temperature-relatedl soil bioclimatic variable: 
mean annual soil temperature (MAST), mean summer soil temperature 
(MSST), mean winter soil temperature (MWST), minimum annual soil 
temperature (MinAST), maximum annual soil temperature (MaxAST) 
and Growing Degree Days (GDD). Factor indicates the variance ex-
plained by the focal variable only, ‘shared’ indicates the variance shared 
by the focal variable and the rest of the model, and ‘other’ indicates the 
variance explained by the model without the focal variable. The sum of 
Factor and Shared indicates the total variable as explained by the focal 
variable. (b) Proportional contribution of the random-effects structure 
(Region and Transect ID) and the residual to the total variance in each 
mixed model. Region reflects among-region heterogeneity, Transect ID 
captures site-level variation associated with the paired design, and the 
residual represents unexplained within-site variability. 
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