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HIGHLIGHTS GRAPHICAL ABSTRACT

o We demonstrate a decoupling between
microrefugia’s microclimate and
macroclimate Microrsfugie and microclinate; N

e Landscape features partly explain this
short-term decoupling

e Microrefugia exhibit lower Vapor Pres-
sure  Deficit, particularly  during
heatwaves

e Microrefugia with sustained decoupling
may act as stable enclaves for species

Microrefugia exhibit significant decoupling capacity, to a
moderate degree with its imm oundings, and
a greater one with monitored in
weather stations.

ARTICLE INFO ABSTRACT

Editor: Manuel Esteban Lucas-Borja Microrefugia, defined as small areas maintaining populations of species outside their range margins during
environmental extremes, are increasingly recognized for their role in conserving species in the face of climate

Keywords: change. Understanding their microclimatic dynamics becomes crucial with global warming leading to severe

Refugia

temperature and precipitation changes. This study investigates the phenomenon of short-term climatic decou-
pling within microrefugia and its implications for plant persistence in the Mediterranean region of southeastern
Extreme events France. We focus on microrefugia’s ability to climatically disconnect from macroclimatic trends, examining
Climate change temperature and Vapor Pressure Deficit (VPD) dynamics in microrefugia, adjacent control plots, and weather
Mediterranean Basin stations. Our study encompasses both “normal” conditions and heatwave episodes to explore the role of
microrefugia as thermal and moisture insulators during extreme events. Landscape attributes such as relative
elevation, solar radiation, distance to streams, and vegetation height are investigated for their contribution to
short-term decoupling. Our results demonstrate that microrefugia exhibit notable decoupling from macroclimatic
trends. This effect is maintained during heatwaves, underscoring microrefugia’s vital role in responding to cli-
matic extremes. Importantly, microrefugia maintain lower VPD levels than their surroundings outside and during
heatwaves, potentially mitigating water stress for plants. This study advances our understanding of microclimate
dynamics within microrefugia and underscores their ecological importance for plant persistence in a changing
climate. As heatwaves become more frequent and severe, our findings provide insights into the role of
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microrefugia in buffering but also decoupling against extreme climatic events and, more generally, against
climate warming. This knowledge emphasizes the need to detect and protect existing microrefugia, as they can be
integrated into conservation strategies and climate change adaptation plans.

1. Introduction

With global warming, many species face unprecedented challenges
to cope with rapidly changing environmental conditions (Jump and
Penuelas, 2005; Parmesan and Hanley, 2015; Pecl et al., 2017). The
resulting changes in temperature and precipitation patterns affect eco-
systems worldwide, profoundly impacting species distribution and
persistence (Chen et al., 2011; IPCC, 2023). Rear-edge populations of
temperate and arid biomes, living close to their warm limits of distri-
bution, are threatened by rising temperatures and drier conditions and
are especially vulnerable to extinction (de Medeiros et al., 2018; Kuhn
and Gégout, 2019; Kolzenburg, 2022; Cartereau et al., 2023). Heat-
waves, periods with several days of excessively hot weather, and their
forecasted intensification exacerbate the situation (Meehl and Tebaldi,
2004). They induce drastic short-term increases in temperatures and
Vapor Pressure Deficit (VPD), accelerating evapotranspiration rates and
reducing soil moisture (Miralles et al., 2019). Those extremes and more
frequent events result in significant increases in water stress for plants,
raising their vulnerability to global changes (Dusenge et al., 2019;
Notarnicola et al., 2021; Breshears et al., 2021).

Microrefugia are defined as small areas sustaining populations of
species outside their range margins during periods of environmental
stress (Parducci et al., 2012). Their potential in conserving populations
during climatic changes has received increasing attention from re-
searchers (Rull, 2010; Finocchiaro et al., 2023), but their precise role
and inner mechanism during the upcoming climate warming and heat-
waves are not yet well understood (Gentili et al., 2015; Lenoir et al.,
2017). This mechanism is assumed to depend on specific microclimatic
conditions that differ from the surrounding landscape (Rull, 2009;
Hannah et al., 2014). Previous research has shown that these microsites
experience a colder microclimate than the immediate surrounding
environment (Finocchiaro et al., 2023; Frei et al., 2023). This absolute
temperature difference has been described as the “buffering effect”
(Dobrowski, 2011; Lenoir et al., 2013; Thorne et al., 2023). Multiple
landscape features are suggested for providing buffered microclimatic
conditions, such as concave relief patterns, proximity to water bodies, or
the density of vegetation cover (Scherrer and Korner, 2011; Meineri
et al., 2015; Greiser et al., 2018; Zellweger et al., 2020). However, these
features may not be sufficient to ensure long-term population persis-
tence in the face of the current pace and magnitude of climate change.

The ability of microrefugia to shelter species threatened by climate
change may also depend on a reduced correlation to regional climate
fluctuations within the microrefugia (Dobrowski, 2011; Keppel et al.,
2012; Hylander et al., 2015). This phenomenon, known as the “decou-
pling effect,” is characterized by a decorrelation between the microcli-
mate of microrefugia and the surrounding macroclimate (Lenoir et al.,
2017; De Frenne et al., 2021). The “decoupling effect” is necessary for
microrefugia to function effectively as a refugium in the long term, i.e.,
preserving populations they host from the adverse effects of climate
change (Hylander et al., 2015). However, despite their pivotal role,
empirical evidence validating decoupling processes within microrefugia
remains rare, possibly due to the limited and recent monitoring of such
sites (Nadeau et al., 2022; Finocchiaro et al., 2023). While long-term
monitoring of climate, fauna, and flora (over a decade) is necessary to
demonstrate the existence and effectiveness of decoupling processes
within microrefugia (Dobrowski, 2011), short-term investigations (at
the day or week scale) can inform on the immediate potential of
microrefugia to mitigate the effects of climatic extreme events (Aalto
et al., 2018). This immediate response, which we will hereafter term
“short-term decoupling”, becomes particularly relevant in the face of

intensifying heatwaves, which are both more frequent and severe
(Chapman et al., 2019) and may increase the climatic vulnerability of
such sites (Keppel et al., 2023). Microrefugia with a high degree of short-
term decoupling may effectively preserve their microclimatic specificity
and the species they shelter, even during intensifying climatic extreme
events.

Incorporating moisture-related parameters, such as Vapor Pressure
Deficit (VPD), into the examination of microrefugia may also offer a
deeper understanding of microclimatic conditions experienced by
plants. The importance of VPD in influencing plant water balance
through transpiration and its potential impact on microclimate regula-
tion has been identified before (Ashcroft and Gollan, 2013; Grossiord
et al., 2020). By examining VPD, we can increase our understanding of
how microrefugia’s climate influences plant persistence under changing
environmental conditions. During phases of high VPD leading to
extreme water losses in plants, microrefugia might offer suitable envi-
ronments for plants by maintaining lower VPD (Yuan et al.,, 2019;
Sanginés de Carcer et al., 2018).

Our objective is to examine the occurrence of short-term microcli-
matic decoupling within microrefugia by studying the correlations be-
tween temperatures measured (i) within microrefugia, (ii) in the
immediate vicinity, and (iii) at nearby weather stations that reflect
regional conditions. We specifically ask to which degree the micro-
refugia temperatures are decoupled from the temperatures in the
extended landscape and which environmental features can explain those
differences. Accordingly, we aim to investigate whether this effect is
amplified or mitigated during episodes of heatwaves. If decoupling is
present in current microrefugia, it may become more pronounced during
heatwaves when macroclimatic fluctuations peak. Moreover, as we
recognize that factors beyond temperatures can significantly influence
microrefugia climatic regimes, we will also investigate potential buff-
ering and decoupling processes of VPD in microrefugia. Since high VPD
indicates dry conditions where moisture is being pulled from plants
more quickly, potentially leading to water stress, we hypothesize that
VPD is buffered and decoupled in microrefugia compared to the sur-
roundings so that plants are under less stress from water loss.

To answer these questions, we have set up microclimatic monitoring
of the most meridional marginal populations in southeastern Mediter-
ranean France of two plant species with a large mid-European distri-
bution (Oxalis acetosella L. and Arabis alpina L.). These populations are
suspected to indicate current microrefugia since they occur beyond the
warm edge of the species distribution, in areas with unfavorable mac-
roclimate (Rull, 2009). Quantifying the degree of short-term decoupling
of microrefugia already sheltering them and understanding the under-
lying mechanisms involved in these processes will help to evaluate
microrefugia’s capacity for long-term conservation of plant persistence.

2. Materials and methods
2.1. Study area

The study was conducted in the “Région Provence, Alpes, Cote d’Azur”
(PACA region), extending across 31,400 km? in southeastern France,
characterized by a Mediterranean climate with hot, dry summers and
mild winters, i.e., the most widespread climate type corresponding to
Csb and Cfb according to Koppen classification (Koppen, 1900). Mean
annual temperatures are remarkably contrasted throughout the region,
ranging from —8 °C in its northern part in the Alps to 18 °C in Provence.
Precipitations mainly occur during autumn and winter, with important
inter-annual variations and contrasting local precipitation, from 500
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mm in its western part to 1400 mm in the northern Mediterranean
mountains (Vignal, 2020; Météo France, 2023). Biogeographically, this
region is located at the transition between Mediterranean, mountainous,
and alpine ecosystems. This unique position has contributed to the re-
gion’s rich biodiversity, and its topography, including canyons and
mountain ranges, contributes to the unique landscape diversity of this
regional biodiversity hotspot (Médail and Quézel, 1997). From Medi-
terranean pine and oak forests to alpine meadows and mountain habi-
tats, the region showcases a wide array of forest ecosystems, covering
almost half the surface of the area. This rugged topography and highly
diverse forests offer remarkable microclimate gradients that may favor
the presence of numerous microrefugia (Harrison and Noss, 2017;
Aurelle et al., 2022). As part of the Mediterranean Basin, this region is
also particularly exposed to the consequences of global warming, as it is
highly exposed to intensifying heatwaves and droughts (Fischer and
Schar, 2010; Gouveia et al., 2017). It is predicted to experience a hotter
and drier climatic regime, especially during summers (> +3 °C in
temperature and — 10 % in precipitation, following the Representative
Concentration Pathway 8.5, representing a “business as usual” scenario
of emissions), with an intensification of droughts periods and longer and
archer heatwaves, impacting the spatial distribution of living organisms
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(MedECC, 2020).

2.2. Studied putative microrefugia

In our study, we assimilated the southernmost disconnected and
abyssal (i.e., at an exceptionally low elevation) populations of Oxalis
acetosella L. (Oxalidaceae) and Arabis alpina L. (Brassicaceae), both at
their warm-edge limits in the study region, as putative microrefugia, as
described in Finocchiaro et al. (2023).

Oxalis acetosella is a geophytic forest herb with a circumpolar dis-
tribution, primarily occurring in temperate and boreal biomes (Rameau
et al., 1989). It predominantly occurs between 1200 and 2000 m, often
in shaded habitats with a dense tree canopy and low luminosity
(Rameau et al., 1989). Arabis alpina is a chamaephyte herb with an
artico-alpine distribution, ranging up to 3000 m in the Alps. It is pri-
marily found in mountainous regions of Europe, in alpine meadows,
rocky slopes, and screes, with a preference for calcareous soils and sunny
or partially shaded locations (Rameau et al., 1989).

The selection of putative microrefugia followed a three-step process.
First, we identified sites where either species occurred below their
respective 5th percentile of the altitudinal range in the region
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(specifically, <1018 m for Oxalis acetosella and < 1080 m for Arabis
alpina). Second, we selected sites based on their isolation, with the
nearest high-altitude neighboring individuals located at least 500 m
vertically and horizontally away. Thirdly, we refined the selection of
populations by retaining only the southernmost populations within each
species, resulting in 30 study sites—20 for Arabis alpina and 10 for Oxalis
acetosella (Fig. 1). The occurrence data for both species were sourced
from the SILENE-Flore database (CBNMed & CBNA, 2019), utilizing only
georeferenced records with a minimum resolution of 10 m.

To enhance statistical power and understand microrefugia func-
tionality, distinct putative microrefugia for each of the two studied
species were investigated simultaneously. This approach increases the
number of observations and allows for a broader understanding of
microrefugia functioning, irrespective of the species they shelter, as
microclimatic processes are expected to be similar. The population se-
lection process, which involves the identification of low-elevation and
isolated populations, was carried out using ArcMap (ESRI, 2020).

2.3. Micro- and macroclimatic measurements

To study the short-term decoupling processes between microrefugia
and the surrounding landscape, we recorded climate in two distinct plots
within each site: a microrefugium plot where the target species was
present and a control plot located 50 to 100 m away where the species
was absent. The control plots were systematically located with a
northern aspect and higher elevation to serve as reference points, a
conservative choice to enhance our ability to identify colder climatic
conditions within microrefugia that are not solely attributed to the
typical variations associated with altitude and exposition. In each plot,
TOMST thermologgers were placed at 1.5 m above the ground to
monitor temperatures every 15 min, and humidity sensors (Lascar USB-
2) were placed under a protection shield at a 30 cm height, recording the
percentage of relative air humidity each hour. Finally, we selected the
nearest weather station from the national meteorological web “Météo-
France”, at a distance of 10 km (+3,54) on average (Annex 1), which
monitors both daily air temperatures and humidity, representing mac-
roclimatic trends. National weather stations are strategically positioned
in flat terrain with no canopy cover to minimize the influence of local
landscape on climatic measures. A schematic view of the relative posi-
tion and characteristics of individual plots on a site can be found in the
graphical abstract.

The monitoring of temperatures extends from September 2021 to
October 2022, an exceptionally arid and warm period in the region, with
a precipitation deficit of —30 % and + 3.3 °C of maximum temperature
anomalies compared to the period 1961-1990, the year 2022 breaking
the record of the warmest year ever recorded in the area (GREC-SUD,
2023). To gain a comprehensive understanding of the thermal vari-
ability in these sites, we computed the 5th percentile of daily minimum
temperatures (Tyin), the 95th percentile of daily maximum temperatures
(Tmax), and the daily mean temperatures (Tpeqn) for each microrefugium
plot, control plot, and the nearest weather station. In addition, we also
computed the daily mean, 95th percentile of daily maximum, and the
5th percentile of daily minimum vapor pressure deficit (respectively,
VPDpean, VPDrmax, and VPDy,;n in hPa) for each plot. VPD was computed
following the same methodology of VPD calculation as in Jucker et al.
(2018), considering the interplay between temperature (T) and relative
humidity (RH):

VPD = [(100-RH)/100] x es

where es, the saturation water vapor pressure, is derived from temper-
ature (T) using Bolton’s equation (Bolton, 1980):

17.67xT
es = 6.112 x er2435
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2.4. Heatwave detection

As we aim to explore whether a current short-term decoupling effect
within microrefugia is accentuated or alleviated during episodes of
heatwaves, a critical step is to detect when those events are occurring at
each monitored site. Heatwaves are characterized by a period of hot
weather, typically lasting two or more days, with temperatures sur-
passing a threshold or a percentile of the distribution of a 30-year
reference period over three to five days (Perkins and Alexander,
2013). In the context of our study area, we adapted a heatwave identi-
fication method developed by the French national weather agency
Meétéo-France in 2006 (Soubeyroux et al., 2016).

We first extracted daily temperature records from the Météo-France
database for weather stations in our study region that had 30 years of
operational daily data during the current reference climate period
spanning from 1991 to 2020 (Sorel et al., 2022), and that also operated
during our study period, resulting in 42 weather stations. Such a his-
torical dataset makes it possible to identify abnormal temperature
fluctuations. Using the data from each selected station, we computed its
daily average air temperature based on its specific 30-year reference
period measurements. Then, to detect heatwaves, our method uses two
key parameters: (i) a 99.5th percentile heat peak threshold to identify
significant heat events (Spic); and (ii) a 97.5th percentile start and end
threshold to determine the onset and the end of a heatwave (S). Addi-
tionally, each heatwave must correspond to a period during which the
threshold S was reached for at least three days and the threshold Spic
was reached at least once. This allowed us to identify heatwave events
occurring in each weather station of the region during the study period.
For each site, we reported the heatwave events detected in the three
nearest weather stations of reference to the closest microrefugia, their
control plots, and their nearest weather stations. This methodology en-
sures a comprehensive and spatialized analysis of heatwave occur-
rences, enabling us to investigate the potential exacerbation of short-
term decoupling processes between microrefugia and the surroundings
(Fig. 2). While winter and fall heatwaves may occur more often in the
future, we choose to focus on spring and summer heatwaves for this
study, as they are typically the seasons when heatwaves are predicted to
have the most significant ecological impact.

We identified 57 heatwaves occurring locally during spring and
summer—11 in spring and 46 in summer. On average, each site expe-
rienced approximately seven heatwaves (6.7 with a standard deviation
of 1.7), lasting 4.65 days (£0.52).

Temperature (°C)

) E—
(TTTTTTIT T T I T T T I T T T I T T T T ITT T
Time (in days)

Fig. 2. Conceptual figure, illustrating the detection method of a heatwave
event (colored in light-red) for each weather station, based on its daily tem-
peratures (black line). The 99.5th percentile (Spic in dashed red) and the 97.5th
percentile (S in dashed green) are computed thanks to the 30-years historical
data of the 3 nearest weather stations. A heatwave occurs if the threshold Spic is
reached at least once. Start and end date are defined when temperature
respectively passes upon and down the threshold S after at least 3 days. Green
arrows refer to the non-heatwave period of 10 days period before and 10 days
after each heatwave that was inputted in the analysis of heatwave impact on the
degree of decoupling.
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2.5. Airborne laser scanning data and derived microclimatic forcing
factors

The use of Aerial Laser Scanning (ALS) makes it possible to finely
characterize the microclimate forcing factors, which are topographic
and forest-related variables that significantly impact the climate at a
local scale (Zellweger et al., 2019). To estimate the forcing factors
influencing short-term decoupling in microrefugia, we utilized raw Light
Detection and Ranging data (LiDAR) data, available in open access
through the French National Institute of Geographic and Forestry In-
formation (LiDAR HD - IGN), with a mean point density of 10 pulses/m?
and 5 pulses/m2 above 3200 m (LiDAR, 2023). Each available file was
cropped to several areas of interest, corresponding to a 600 m buffer
zone around the GPS coordinates of each microrefugium, control plot,
and nearest weather station. The mean point density for those files
reached 23 pulses/m? (37 points/m?). Subsequently, point clouds were
classified using a Multiscale Curvature Classification (MCC) algorithm,
enabling us to extract 1 m-resolution Digital Terrain Models (DTMs) for
each site through a kriging algorithm.

From these DTMs, we computed specific topographic variables per
microrefugium, control plot, and weather station, known to influence
microclimate, based on existing literature (Dobrowski, 2011; Meineri
et al., 2015). Firstly, we extracted the relative elevation within a 500 m
radius, as it serves as a proxy for cold air drainage, favoring microcli-
matic conditions for microrefugia (Ashcroft and Gollan, 2012; Pastore
et al., 2022). Additionally, we used the distance to the nearest stream
section (BD TOPO Hydrography 2019; IGN), as it acts as a temperature
buffer (Meineri et al., 2015; Meineri and Hylander, 2017). Lastly, we
computed incoming solar radiation at each plot based on methods from
the hemispherical viewshed algorithm (Fu and Rich, 2002).

To study the influence of vegetation parameters, we cropped each
classified point cloud to a 10 m radius zone around each microrefugium,
control plot, and weather station. These point clouds were then
normalized using a k-nearest neighbor approach with inverse-distance
weighting, followed by removing outliers. This preprocessing allowed
us to compute three vegetation-related variables based on methods
described in Moudry et al. (2022): (i) the canopy cover (expressed as a
percentage), which describes the proportion of the ground covered by
vegetation; (ii) the standard deviation of vegetation height of trees (in
meters), indicating vertical variability and providing insight into the
inner vegetation structure and strata levels within the plot; (iii) the
mean vegetation height (in meters), representing the average height of
vegetation within the plot.

The processing of LiDAR data and computation of forestry variables
were conducted in R (version 4.1.1) using the lidR package (Roussel
et al., 2020). The lidR package was employed to process the raw LiDAR
data, classifying the data, extracting 1 m-resolution DTMs with the
kriging() method from the gstat package (Graler et al., 2016), and
normalize the point clouds. Furthermore, ArcGIS Pro software (version
2.8) was used to extract topographic variables from each 1 m-resolution
DTM.

2.6. Statistical analysis

Coupling and decoupling mechanisms permit to describe a site’s
climatic regimes in reference to another, usually microclimatic regimes
of a site compared to the macroclimate (Fig. 3a). De Frenne et al. (2021)
propose to study coupling and decoupling processes by examining the
regression slope p; of the linear relationship between temperatures in-
side and outside microrefugia (Fig. 3b). A slope of 0 indicates a total
decoupling capacity, where temperatures inside microrefugia behave
independently of external conditions (Site B in Fig. 3a and b).
Conversely, a slope of 1 indicates a perfect coupling, representing a strict
correlation between both climatic regimes (Site A in Fig. 3a and b).
Finally, slopes between 0 and 1 illustrate various degree of (de)coupling.
However, regression models test if p; differs from 0, not from 1. In other
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Fig. 3. Patterns of microclimatic decoupling. (a) Temperatures dynamics at a
regional scale (referred to as “Macroclimate”, in orange), along with the tem-
perature trends observed at two specific sites. Site A (in red) follows the
regional temperature patterns, while Site B (in blue) exhibits independent
temperature fluctuations that deviate from the macroclimate. (b) The linear
relationship between microclimatic conditions in Site A and the macroclimate is
characterized by a slope equal to 1 (in red), indicating a perfect coupling be-
tween the two variables. On the other hand, the linear relationship between the
microclimate observed in Site B and the macroclimate displays a slope of 0 (in
blue), representing the site’s capacity for perfect decoupling from the regional
climatic conditions. Here, the p-value associated with the regression slope test if
the latter is significantly different from O, i.e. test for significant deviation from
perfect decoupling. (c¢) The linear relationship between the temperature dif-
ferences between the microclimate measured in Site A and the macroclimate
against the macroclimate is characterized by a slope equal to 0 (in red), indi-
cating a perfect correlation of temperatures between Site A and the macro-
climate. The linear relationship between temperature differences between the
macroclimate and Site B microclimate is characterized by a slope equal to —1
(in blue), representing a total decorrelation between temperatures in Site B and
the macroclimate. Here, p-values associated with the regression slope test if the
slope is significantly different from 0, i.e. test for significant deviation from the
perfect coupling. These figures are inspired by the works of Dobrowski (2011)
and De Frenne et al. (2021).

words, by modeling the microclimate against the macroclimate, models
test for a significant deviation from a perfect decoupling situation.

In our context, we want to test if sites’ microclimates exhibit a sig-
nificant decoupling from macroclimate. Therefore, we tested the level of
decoupling between sites and macroclimate through a linear regression
analysis, where the difference in temperature between the sites’
microclimate and macroclimate was used as the response variable and
the temperature of the macroclimate was used as explanatory variable
(Fig. 3c). By doing so, the p-value associated with the regression slope of
the model (B;) tests whether the difference in temperature between sites
and macroclimate change as macroclimate temperature increases or
decreases. In these models, a slope equal to O indicates a perfect
coupling, i.e., the temperature difference between sites and macro-
climate remains identical regardless of macroclimate temperatures (Site
A in Fig. 3c). On the contrary, a significant negative slope indicates that
the difference in temperature between sites microclimate and the mac-
roclimate increases as temperature becomes higher at a macro scale and
the temperatures at the site scale remain stable and lower, meaning a
decoupling of temperature (Site B in Fig. 3c).

We conducted linear mixed models to test the short-term tempera-
ture decoupling capacity of microrefugia throughout the study period by
(i) regressing temperature differences between microrefugia and control
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plots against temperatures in control plots and (ii) regressing tempera-
ture differences between each microrefugia and the nearest weather
station against the temperatures in the nearest weather station. The
analyses were based on daily temperature data. We also explored the
capacity of short-term decoupling for control plots compared to the
nearest weather station using the same method. All models were fit with
Restricted Maximum Likelihood (REML), with species of interest and
sites as nested random terms to account for spatial correlation. We also
incorporated the corAR1l(form = ~ Date | Species/Site) variance
structure to address temporal autocorrelation.

To identify microclimate forcing factors influencing the degree of
climatic decoupling in microrefugia, we calculated the degree of
decoupling of mean, maximum, and minimum temperatures for each
site, using individuals Generalized Least Squares (GLS) models using the
same method as the models described in the previous paragraph. We
extracted the slope parameter of each of these models as it indicates the
degree of climatic decoupling. This was done for the degree of decou-
pling between microrefugia and weather station and between micro-
refugia and control. All GLS models include a corAR1 variance structure
to address temporal autocorrelation. The degrees of decoupling extrac-
ted for each site were then regressed against topographic and forest-
related variables in the following way. A first model assessed the de-
gree of decoupling between microrefugia and weather stations against
the differences in topographic variables (termed “delta” hereafter) of
relative elevation, incoming solar radiation, and distance to the nearest
stream section between the same two sites, along with forest-related
variables within the microrefugia. We did not consider deltas for for-
est variables due to the absence of forests in weather stations. A second
model examined the degree of decoupling between control plots and
microrefugia against the same potential forcing factors variables. Both
topographic and forest-related features were considered deltas since
control plots included vegetation cover. These models were fitted for the
decoupling of mean, minimum, and maximum temperatures. A stepwise
selection was conducted for both sets of models to identify the most
influential variables and derive the best-fitting models. The environ-
mental features used here were derived from LiDAR data, as detailed in
Section 2.5. In these models, a negative estimate signifies that the
decoupling of temperatures between microrefugia and weather station,
or control plots, increases when the difference in topographic and forest
forcing factors between the same two types of plots increases. This
analysis spanned the entire study period. The degree of decoupling of
mean, maximum, and minimum temperatures for each site can be found
in Annex 3 and Annex 4 for the decoupling of microrefugia to weather
stations and to control plots, respectively.

Similar linear mixed models were performed to assess the impact of
spring and summer heatwaves on short-term decoupling processes but
included heatwave periods as a covariable. The models used the dif-
ferences of daily temperatures in microrefugia, first against the tem-
perature recorded in control plots, and then against the temperature
recorded in nearest weather stations, and also included the period of
heatwaves (coded as 1 during a period of heatwaves and 0 otherwise)
and its interaction with daily air temperatures in the surrounding sites
(control plots or nearest weather stations) as explanatory variables.
These models were conducted using a reduced dataset, focused on
temperatures in microrefugia, control plots, and nearest weather sta-
tions 10 days before each heatwave, the heatwave period, and 10 days
after each heatwave (green arrows and red area in Fig. 2), to specifically
examine climatic regimes during these extreme events. Detailed results
of the models can be found in Annex 5.

To uncover patterns of VPD contrasts between microrefugia and their
surroundings, separate linear mixed-effects models were constructed for
mean, maximum, and minimum VPD in microrefugia, first against VPD
in control plots and then against VPD in nearest weather stations. We
performed these models on the reduced dataset from 10 days before to
10 days after each heatwave (green arrows and red area in Fig. 2) and
informed sites as random effects. Finally, post hoc pairwise comparisons
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between plot types within different heatwave periods were conducted.
This analysis aimed to identify an offset of VPD between microrefugia
and surroundings during heatwave and non-heatwave periods.

Finally, to assess the impact of spring and summer heatwaves on VPD
decoupling processes, we performed linear mixed models using the
differences of daily VPD in microrefugia, first against the VPD recorded
in control plots and then against the VPD recorded in nearest weather
stations, and also included the period of heatwaves and its interaction
with daily VPD in the surrounding sites (control plots or nearest weather
stations) as explanatory variables. Similar to temperature decoupling
modeling, these models were conducted using a reduced dataset,
focused on VPD in microrefugia, control plots, and nearest weather
stations, 10 days before each heatwave, the heatwave period, and 10
days after each heatwave (green arrows and red area in Fig. 2). Results
of the models can be found in Annex 8.

All statistical analyses were conducted in R (version 4.1.1). The nlme
package (Pinheiro and Bates, 2023) was used to fit all mixed effects and
GLS models, and the package emmeans (Russell, 2021) was used to
perform posthoc tests.

3. Results
3.1. Degree of short-term decoupling in microrefugia

During the entire study period (September 2021 to October 2022),
we consistently observed significant differences in climatic regimes
between microrefugia and both control plots and nearest weather sta-
tions, based on mixed effect linear regression analysis (Table 1). The
degree of short-term decoupling between microrefugia and the nearest
weather station is quite strong, approaching — 0.5 for all temperature
metrics (p < 0.001), meaning that for a variation of 1 °C at the weather
station, only 0.5 °C would be detected in the microrefugium (dotted
lines in Fig. 4). The degree of decoupling between microrefugia and
control plots are also significant for the mean (—0.154, p < 0.001),
maximum (—0.226, p < 0.001), and minimum (—0.037, p < 0.001)
temperatures (full line in Fig. 4). Finally, the temperatures in control
plots are decoupled from weather stations, but to a lesser extent than
microrefugia (Table 1).

3.2. Topography, forest structure, and short-term decoupling

Concerning the decoupling between microrefugia and weather sta-
tions (upper part of Table 2), the analysis reveals that an increasing
difference in relative elevation between microrefugia and weather sta-
tion leads to a higher decoupling for mean temperatures (—0.114, p <
0.01, Table 2). Moreover, increased differences in incoming solar radi-
ation, as well as higher vegetation height in microrefugia, result in
amplified maximum temperature decoupling (—0.073 and — 0.113
respectively, p < 0.01), both variables explaining 64 % of the total
variance of the model (Table 2). Finally, none of the variables signifi-
cantly explained minimum temperature decoupling between micro-
refugia and weather stations.

The decoupling of mean temperatures between microrefugia and
control plots significantly decreased with the difference in the standard
deviation of tree height (0.061, p = 0.015), implying that a greater
vertical heterogeneity in vegetation within control plots, compared to
microrefugia, led to a reduction in temperature decoupling between the
sites. The decoupling of maximum temperature increased as more solar
radiation was received in control plots than in microrefugia (—0.106, p
= 0.018). Finally, the degree of decoupling of minimum temperatures
increased significantly when microrefugia were closer to the nearest
stream section (—0.052, p = 0.009).

3.3. Impact of heatwaves on climatic short-term decoupling

Compared to their respective nearest weather stations, outside
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Table 1
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Summary of regression models of differences in mean (ATMean), maximum A (TMax), and minimum (ATMin) temperatures between microrefugia and nearest
weather stations against temperatures in the nearest weather stations (upper part of the table), between microrefugia and control plots against temperatures in control
plots (middle part of the table), and between control plots and nearest weather stations against temperatures in the nearest weather stations (lower part of the table).

The models present regression slope estimates and corresponding p-values (p).

Predictors ATpean ATpax ATwmin
Estimates p Estimates P Estimates P

(Intercept) 5.530 <0.001 6.126 <0.001 4.026 <0.001
Degree of decoupling of microrefugia to the nearest weather stations (regression slope) —0.464 <0.001 —0.406 <0.001 —0.516 <0.001
(Intercept) 1.096 <0.001 2.507 <0.001 —0.098 0.805
Degree of decoupling of microrefugia to the control plots (regression slope) —0.154 <0.001 —0.226 <0.001 —0.037 <0.001
(Intercept) 4.251 <0.001 2.913 0.002 3.309 <0.001
Degree of decoupling of the control plots to the nearest weather stations (regression slope) —0.302 <0.001 —0.133 <0.001 —0.399 <0.001

Bl Mean temperatures
B Maximum temperatures
Minimum temperatures
—— Microrefugia - Control plot ~ Control plot
---- Microrefugia - Nearest weather station ~ Nearest weather station

o

Temperatures difference between microrefugia and the surroundings (°C)

&

0 1

2 3
Temperature in the surroundings (°C)

Fig. 4. Regression slopes extracted from linear mixed models of the linear re-
lationships of the differences of temperatures in microrefugia and control plots
against control plots temperatures, and the differences of temperatures between
the nearest weather station and microrefugia against nearest weather stations
temperatures, for daily mean, maximum and minimum temperatures. It is
important to note that we deliberately omit consideration of the intercept
component to focus exclusively on plotting the slope estimates, thereby offering
a clearer depiction of the relationships under examination (the figure including
the intercept values can be found in Annex 2).

heatwaves (in green in Fig. 5a), the degree of short-term decoupling of
microrefugia is strong and significant for all temperature metrics (p <
0.001), which is concordant with previous results for the whole study
period in Section 3.1. During heatwave events (in red in Fig. 5a), the
decoupling process increases almost significantly for mean temperatures
(p = 0.056) but with a marginal effect otherwise. This suggests that the
temperature decoupling between microrefugia and the nearest weather
stations is slightly but not significantly exacerbated during heatwave
events.

When comparing microrefugia to their respective control plots
outside heatwaves, namely 10 days before and 10 days after each
heatwave (Fig. 5b), the results suggest that the temperatures inside
microrefugia significantly decoupled from temperature patterns
observed in the control plots (p < 0,001 for mean, minimum and
maximum temperature), which is once again concordant with previous
results during the whole study period of Section 3.1. During heatwave
events, the decoupling effect significantly increases (p < 0.05).

3.4. Humidity trends during and outside heatwaves

Applying linear mixed models and posthoc tests on Vapor Pressure
Deficit (VPD) metrics, we found significantly lower VPD (higher mois-
ture) in microrefugia compared to their surroundings. VPD was lower
both during heatwaves and in non-heatwave periods (Fig. 6, details from
the linear mixed models and Tukey posthoc tests are available in An-
nexes 6 and 7).

The nearest weather stations exhibit a higher VPD than microrefugia
(mean offset of 3.603 hPa, 1.634 hPa, 3.939 hPa for mean, minimum
and maximum VPD, respectively, p < 0.001). During heatwaves, these
offsets notably increase to 4.542 hPa, 1.969 hPa, and 5.657 hPa for
mean, minimum, and maximum VPD, respectively (p < 0.001). These
results suggest a systematic higher moisture into microrefugia, exacer-
bated during heatwaves. Similarly, outside heatwave periods, VPD is
systematically higher in control plots compared to microrefugia (offset
of 2.695 hPa, 1.006 hPa, and 4.893 hPa, for mean, minimum, and
maximum VPD respectively, p < 0.001). These offsets also significantly
increase during heatwaves to 3.018 and 5.672 hPa (p < 0.001) for mean
and maximum VPD, respectively. Last, the offsets between the nearest
weather stations and control plots suggest a lower mean (0.908 hPa, p <
0.01) and minimum VPD (0.629 hPa, p (0,001) in control plots, and the
models indicate that these offsets increase during heatwaves (1.523 hPa
and 0.891 hPa respectively, p < 0,001).

3.5. VPD decoupling outside and during heatwaves

Outside heatwave periods, the degree of short-term decoupling of
microrefugia compared to their respective nearest weather stations is
strong for mean, minimum, and maximum VPD (in green in Fig. 7a, p <
0.001). During heatwave events, the decoupling process is still signifi-
cant for all three metrics, and increases significantly for mean and
maximum VPD (in red in Fig. 7a, p < 0.05), with a marginal effect for
minimum VPD (p = 0.243).

Outside heatwave periods, our results suggest that mean, minimum,
and maximum VPD inside microrefugia are significantly decoupled from
VPD patterns observed in the control plots (in green in Fig. 7b, p <
0,001). These decoupling effects significantly decrease during heatwave
events for mean and minimum VPD (in red in Fig. 7b, p < 0.05).

4. Discussion

In this study, we focused on short-term decoupling dynamics and
revealed the inherent ability of microrefugia’s microclimate to decouple
from its surroundings. Although our observations span one year, our
findings suggest that microrefugia could serve as stable and moister
enclaves, even during the warmest year ever recorded in the region.
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Table 2

Results of linear mixed models performed on the degree of decoupling of each site, extracted form GLS, against (i) the deltas of topographic features between the
nearest weather station and microrefugia, and forest-related features in microrefugia (upper part of the table) (ii) the deltas of topographic and forest-related features
between the control plots and microrefugia (bottom part of the table). Underscores refer to variables not selected during the stepwise process due to their lack of

significance.

TMean TMax TMin
Estimate p-value Estimate p-value Estimate p-value
Decoupling between microrefugia and weather stations
(Intercept) —0.435 <0.001 —0.426 <0.001 _ _
A Distance to nearest stream section _ _ _ _ _ _
A Relative elevation (500 m radius) -0.114 0.002 _ _ - -
A Incoming solar radiation _ _ -0.073 0.007 _ _
Percentage of Canopy cover in microrefugia _ _ _ - _ _
Standard deviation of tree height in microrefugia _ - _ _ - _
Mean Vegetation Height in microrefugia _ _ -0.113 <0.001 _ _
R? of the model 0.342 0.641 _
Decoupling between microrefugia and control plots
(Intercept) —-0.116 <0.001 —0.207 <0.001 -0.119 <0.001
A Distance to nearest stream section _ _ _ _ —0.052 0.009
A Relative elevation (500 m radius) _ _ _ _ - -
A Incoming solar radiation _ _ -0.106 0.018 _ _
A Percentage of Canopy cover _ _ _ _ _ _
A Standard deviation of tree height 0.061 0.015 _ _ _ -
A Mean Vegetation Height _ _ _ _ _ _
R? of the model 0.208 0.251 0.281
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Fig. 5. Estimated degree of the slope of the linear relationship describing how the difference in temperature between microrefugia and nearest weather station (a) or
surrounding plots (b) respond to temperature variations outside and during heatwave events (respectively “non-HW” and “HW” in green and red). Slope values are
extracted for the mean (TMean), maximum (TMax), and minimum (TMin) temperatures. P-values are extracted from the models and Tukey pairwise post-hoc
comparison tests. Error bars refer to the standard deviation of each estimate in the models, with their associated p-values at the bottom of each bar (with *** =
p < 0.0001 and * = p < 0.05). P-values under each black line refer to the significant difference in the degree of decoupling between non-heatwave and heat-
wave periods.
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(a) Daily mean VPD
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Fig. 6. Estimated offsets of VPD between microrefugia, control plots, and nearest weather stations, extracted from Tukey posthoc tests carried out on linear mixed
models of (a) mean VPD, (b) maximum VPD and (c¢) minimum VPD as a function of type of plot (microrefugia, control plots or nearest weather station), and
heatwave events (HW = heatwave event; non-HW = non-heatwave event) on a reduced dataset around heatwave’ events.

4.1. Decoupling capacity of microrefugia and the role of microclimatic
forcing factors

Temperatures inside microrefugia are characterized by a significant
short-decoupling from temperature patterns observed in the adjacent
control plots. The degree of decoupling between microrefugia and their
respective nearest weather stations was even more pronounced. Inves-
tigating the microclimate forcing factors influencing the decoupling
effect can provide answers to explain those differences.

The degree of decoupling of mean temperatures between micro-
refugia and weather stations exhibited a significant negative association
with greater differences in relative elevation. These findings align with
well-documented processes, where sites located at low elevations
compared to the surroundings are known to accumulate cold air and to
experience temperature inversions favoring temperature decoupling
(Lookingbill, 2003; Lundquist et al., 2008; Meineri and Hylander, 2017).
The pronounced impact of this topographic variable on mean temper-
ature decoupling underscores its role in creating microhabitats with
distinct thermal regimes, effectively sheltering plant communities from
the temperature fluctuations of the broader landscape (Pastore et al.,
2022). Additionally, mean vegetation height in microrefugia signifi-
cantly increases the decoupling of maximum temperatures between
microrefugia and weather stations: microrefugia with higher vegetation
have temperatures that are more decoupled from the macroclimate
(Jucker et al., 2018). Lastly, our estimation of incoming solar radiation
does not consider the forest layer, yet we found a significant negative
relationship between increased differences in incoming solar radiation
and temperature decoupling of maximum temperature. This pattern
holds the temperature decoupling between microrefugia and weather
stations and also between microrefugia and control plots. It implies that
sites receiving lower solar energy experience independent microcli-
mates, potentially shaping thermal buffers that safeguard plant species

from extreme temperature events. Previous studies showed indeed that
sites receiving less solar radiation are subject to lower air temperature
and humidity (Dobrowski, 2011; Aalto et al., 2017; Stowinska et al.,
2022) and that this sheltering participates in thermal decoupling (Kep-
pel et al., 2023; Thorne et al., 2023).

The ability of microrefugia to achieve climatic decoupling from
control plots was slightly lower compared to their ability to decouple
with the climate recorded at the weather stations. It might be that
landscape parameters influencing microrefugia’s microclimate extend
their impact to a larger spatial scale. Microrefugia and control plots are
positioned within 50 to 100 m of each other, it is, therefore, probable
that both plots share common environmental drivers that shape their
microclimates. For instance, the difference in relative elevation had no
significant effect on the decoupling of mean temperatures between
microrefugia and control plots, which may be due to their very close
proximity in space (50-100 m). The radius of the computed relative
elevation being equal to 500 m, the delta value for this variable is
consequently smaller than with weather stations. In scenarios where
both microrefugia and control plots are situated in deep canyons,
microrefugia and control plots may benefit from cold air pooling as one
of the common forcing factors. Drawing a parallel, this mechanism
echoes the forest microclimate buffering effect, which weakens as one
moves away from forest edges, ultimately influencing forest understory
conditions (Magnago et al., 2015). Still, the delta of the standard devi-
ation of tree height significantly affected the decoupling of mean tem-
peratures, showing that a higher vertical complexity in microrefugia
compared to control plots leads to a higher decoupling. Similarly, De
Frenne et al. (2013) demonstrated that dense vertical layering of vege-
tation explains colder microclimate under forest cover because of lower
moisture exchange and air mixing as well as lower incoming solar ra-
diations. Additionally, the degree of decoupling of minimum tempera-
tures only responded to the vicinity of streams, indicating that
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Fig. 7. Estimated degree of the slope of the linear relationship describing how the difference in VPD between microrefugia and nearest weather station (a) or
surrounding plots (b) respond to VPD variations outside and during heatwave events (respectively “non-HW” and “HW” in green and red). Slope values are extracted
for the mean (VPDMean), maximum (VPDMax), and minimum (VPDMin) VPD. P-values are extracted from the models and Tukey pairwise post-hoc comparison tests.
Error bars refer to the standard deviation of each estimate in the models, with their associated p-values at the bottom of each bar (with *** = p < 0.0001 and * =p <
0.05). P-values under each black line refer to the significant difference in the degree of decoupling between non-heatwave and heatwave periods.

microrefugia close to streams have stable and buffered temperature
conditions compared to control plots, which are only 50 to 100 m away.
This relationship between air and stream temperatures is well-known
and has been described before (Meleason and Quinn, 2004; Dan
Moore et al., 2005) (Williamson et al., 2021).

We acknowledge that the observed decoupling patterns represent
one facet of the complex interplay within sites and might be influenced
by yet unexplored microscale factors. Soil composition and depth,
moisture and water availability, specificity of foliage cover (deciduous
vs coniferous), local vegetation interactions, or landscape features that
restrict air movement are just a few examples of additional variables that
might interplay to further amplify the decoupling effect (Ashcroft and
Gollan, 2013; Cartwright et al., 2020; Pastore et al., 2022). Moreover,
landscape features may interact, creating a complex matrix that shapes
microclimate behavior (Meineri et al., 2015; Jucker et al., 2018). Un-
derstanding the intricate interrelations among these factors and their
potential to amplify or counterbalance one another could provide a
more comprehensive understanding of the underlying mechanisms
governing the microclimate dynamics within microrefugia. The path
forward involves a deeper exploration of additional topographic and
forest-related features and their intricate interrelations, which may offer
novel insights and contribute to a more comprehensive understanding of
microrefugia’s role in shaping local climate patterns.

4.2. Temperatures decoupling dynamics during heatwaves

Heatwaves exacerbated the existing short-term decoupling effect
between microrefugia and adjacent control plots. Thus, the micro-
refugia’s ability to insulate themselves from temperature shifts improves
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during heatwaves. Microrefugia exhibit a remarkable capacity to
maintain distinct microclimates despite rapidly changing external con-
ditions, offering a buffer against temperature-induced plant stress even
within proximity.

Examining microclimate dynamics during heatwave events provides
a unique lens to dissect the intricacies of decoupling within micro-
refugia. Heatwaves act as potent magnifying glasses, shedding light on
the divergence between microrefugia and their surroundings, thus
enhancing our understanding in the face of climatic extremes (Breshears
et al., 2021; Lopez et al., 2022; Whalen et al., 2023). Heatwaves reveal
the capacity of microrefugia to uphold their distinct climatic conditions.
This mitigation capacity underscores the ecological importance of
microrefugia as potential havens of stability for organisms, especially
plants (Scafaro et al., 2021), but also probably for other taxonomic
groups, such as some groups of arthropods (spiders, beetles, ants) or
even birds targeting cooler places during the breeding season (Bdtori
et al., 2022; Ramos et al., 2023).

Our results open avenues for future research. Understanding the
interplay of landscape and vegetation attributes in creating decoupled
microclimates during heatwaves would enrich our grasp of micro-
refugia’s ecological role (Drake et al., 2018; Wang et al., 2019; Mu et al.,
2021). Continuous research monitoring over the long term will be
crucial in unveiling the intricacies of this phenomenon (Wolf et al.,
2021).

4.3. Vapor pressure deficit contribution to microclimate resistance

Besides the fact that VPD increases in all plots during heatwaves
(Annex 4), microrefugia consistently display lower VPD than control
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plots and weather stations. This indicates a systematic reduced water
stress for plant communities into microrefugia. Higher temperatures
lead to increased evaporation rates and, consequently, higher VPD
(Grossiord et al., 2020). The fact that microrefugia can maintain lower
VPD levels during heatwaves implies their capacity to alleviate
temperature-induced water stress, allowing species to endure high
temperatures without experiencing excessive water loss by maintaining
a low evaporative demand (Drake et al., 2018; Wang et al., 2019).

We found a significant decoupling of VPD between microrefugia and
the surroundings, both with weather stations and control plots,
demonstrating the capacity of microrefugia to act as both thermal and
humidity insulators for the species they shelter. Notably, this decoupling
effect increases during heatwaves compared to the nearest weather
stations. This finding further strengthens the role of microrefugia as
microclimate refuges, where distinct moisture and temperature levels
are maintained independently of surrounding macroclimate trends
(Ashcroft and Gollan, 2013). It highlights the role of these sites as buffers
and stable refugia against aridity-induced physiological stresses, a
characteristic especially important in Mediterranean and more arid
bioclimates (Aurelle et al., 2022). The intricate interplay between
vegetation structure, moisture availability, hydrological parameters,
and microclimate regulation could contribute to the creation of micro-
refugia that mitigate the impacts of climate warming and extreme events
such as heatwaves, enabling easier plant regeneration during drought
episodes (Thom et al., 2023).

4.4. Limitations and future avenues

While we successfully demonstrate short-term decoupling of both
temperatures and VPD in current microrefugia, we acknowledge the
need to investigate decoupling in the long term. This research becomes
imperative to understand the persistence and stability of microrefugia
under prolonged climatic warming (Wolf et al., 2021). Additionally,
future avenues may include investigating the decoupling contrasts be-
tween day and night-time. For instance, the impact of landscape fea-
tures, such as solar radiation or vegetation with evapotranspiration, may
differ between day and night, influencing the decoupling of maximum
and minimum temperatures (Bennie et al., 2008; Batori et al., 2019).

Moreover, only microrefugia specific to two herbaceous species were
considered. Our findings highlight that shared features exist despite the
substantial diversity in habitat characteristics between microrefugia for
O. acetosella and A. alpina. Those common microclimate forcing factors
explain a substantial proportion of the total variance of the degree of
decoupling, ranging from 21 to 64 %, although we did not estimate
different effects for the two species. This indicates that overarching
forcing factors contribute significantly to the observed decoupling dy-
namics, regardless of the species occurring. Those results suggest that
microclimatic forcing factors drive the decoupling effects similarly in
different ecological contexts, types of ecosystems, or geographic regions.
Looking ahead, it would also be particularly insightful to compare plant
communities’ characteristics and dynamics between microrefugia and
their surroundings. We know that plant communities actively respond to
microclimatic contrasts at such scales, with species with colder and
wetter optimums in microrefugia compared to the immediate vicinity
(Finocchiaro et al., 2023), but examining plant traits, and interspecific
trait variability could unravel nuanced patterns, shedding light on the
factors influencing the diversity and structure of these microclimatic
refuges.

While our study includes a control plot and the nearest station to
serve as a reference for assessing the decoupling of microrefugia, it is
essential to acknowledge the limitation of such study design. The pres-
ence of only one paired control site introduces the possibility of site-
specific characteristics influencing the observed decoupling dynamics
between microrefugia and their surroundings. Ideally, a more robust
analysis would involve multiple control sites across various ecological
contexts. This approach would provide a more comprehensive
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understanding of the broader regional climate dynamics in diverse
topographic and forest contexts, potentially uncovering a mosaic of
diverse microclimates within regional landscape elements that may play
a role in shaping different degrees of decoupling.

Identifying and protecting existing microrefugia become imperative
components of effective conservation strategies (Hylander et al., 2022).
Even though the species studied here may not be under immediate
threat, conducting similar investigations to locate microrefugia for
prioritized species can be a strategic and proactive approach (Garcia
et al., 2020). Efficient detection and protection of these microclimatic
refuges are crucial steps toward preserving biodiversity and enhancing
the resistance of plant communities in the face of ongoing environ-
mental challenges (Xu et al., 2022). Microrefugia’s unique ability to
provide stable microclimates can serve as essential components in
broader conservation initiatives and climate change adaptation plans.
Recognizing and safeguarding these microclimatic refuges can
contribute to the preservation of specific species and the overall
ecological resistance of diverse ecosystems.

5. Conclusion

Our primary objective was to rigorously test the definition of
microrefugia, conceptualized as sites sheltering species beyond their
range amidst unfavorable regional climatic conditions. The sheltering
effect relies on specific microclimatic conditions, resulting in a buffering
of temperatures and a decoupling effect, crucial for the persistence of
populations within these sites in the face of climate change. While
existing literature explores the impact of topography and forests on
climate, identifying factors favoring disconnected climatic regimes, our
article offers a complementary perspective by delving into the current
microrefugia’s microclimatic characteristics.

In this study, we have explored the unique phenomenon of climatic
decoupling within microrefugia—distinctive habitats that exhibit a
notable disparity in climatic regimes compared to their surrounding
areas. While continued research and monitoring of microrefugia over
the long term will be crucial to test the generalization of our results, our
observations suggest their pivotal role of microrefugia as potential cli-
matic sanctuaries for plants that maintain outside their range margin,
with an inherent capacity to disconnect from prevailing climate trends
and extreme events that may occur, such as heatwaves. This highlights
their potential to serve as stable refugia, offering advantageous condi-
tions for plant communities (and probably for other taxa) in the face of
ongoing climate change. Our investigation has also shed light on factors
contributing to the observed short-term decoupling effect, such as the
degree of relative elevation, incoming solar radiation, or the percentage
of canopy cover. Our study contributes significantly to bridging the gap
between broader landscape-scale studies and the specific microclimate
dynamics within microrefugia, revealing their potential regarding
biodiversity conservation efforts.
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