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e Department of Environmental Science and Policy, Università degli Studi di Milano, Via Celoria 10, 20133 Milan, Italy
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A B S T R A C T

Forests are essential for climate mitigation and adaptation strategies. While the thermal buffering role of old- 
growth forests is well known, the long-term cooling benefits of restored forests in strictly protected areas 
remain poorly understood, particularly in the Mediterranean region – a biodiversity hotspot severely affected by 
climate change. In this paper, we examined summer maximum canopy temperatures using satellite observations 
across a Mediterranean forest landscape in Tuscany (Italy) during the period 2013–2023. Our analysis focused on 
topographic and forest attributes influencing temperature variations among evergreen oak stands under different 
IUCN management categories (Ia and V) compared to coppiced stands outside protected areas. The Ia site, legally 
established in 1961, is the first strictly protected reserve in the coastal Mediterranean. We observed measurable 
differences in canopy cooling at the mesoclimatic scale among strictly protected (IUCN Ia), protected landscape 
(IUCN V), and productive forests. Unmanaged stands with taller structure exhibited cooler conditions, with 
average summer maxima of 33.3 ◦C in strictly protected areas versus 35.4 ◦C in actively managed forests. Linear 
regression and GAM models suggest that terrain (elevation, aspect, topographic position index), forest structure 
(canopy height, tree cover), functional traits (canopy moisture content, EVI) and forest edge effects were the 
main factors affecting canopy maximum temperature. Even after accounting for topographical and stand attri
butes, productive forests were 1 ◦C warmer than strictly protected areas, underlying specific properties that 
emerge as these stands recover towards more natural stages. Our findings confirm canopy temperature as a 
robust proxy for assessing forests’ biophysical role in moderating localized heat and evaluating restoration and 
conservation outcomes. This study underscores the urgent need to restore Mediterranean forests through strict 
protection, ensuring canopy-level thermal regulation and forest resilience. We advocate for area-based conser
vation and rewilding as essential nature-based solutions that integrate climate change mitigation and biodi
versity protection within sustainable landscape management strategies.

1. Introduction

Global warming increases regional aridity and drought, threatening 
ecosystem functioning (IPCC, 2023). In this context, forests are key 
pillars for climate mitigation and adaptation (Gohr et al., 2021), as they 
regulate climate by adsorbing and stocking carbon (Mukul et al., 2020), 
enhancing the hydrological cycle, and cooling the temperature through 

increased evapotranspiration (Barnes et al., 2024). Moreover, forests 
create microclimates that can act as microrefugia for a wide range of 
organisms, buffering the impact of changing environments on individual 
species’ performance (Nevins and Zambrano, 2024; Vandewiele et al., 
2023). However, the sheltering and buffering potential of forests relies 
on maintaining ecosystem integrity, in which an intact and complex 
canopy structure plays a crucial role (John et al., 2024; De Lombaerde 
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et al., 2022). Disturbances to forest structure trigger thermophilization 
(Zellweger et al., 2020), destroying or altering the spatial and temporal 
variation of local microclimates (Málǐs et al., 2023) and, consequently, 
microrefugia. Interactions between tree cover changes, habitat 
destruction, and other global change factors are exacerbating inter
connected global crises of the Earth system (Mahecha et al., 2022). This 
is due to complex feedback loops between biodiversity decline and 
climate change, which are driving an increase in climate extremes 
(Barnes et al., 2024) and species loss (Betts et al., 2017).

Forest ecosystems play a crucial role in buffering climate extremes, 
thereby contributing to local and regional climate regulation (Lin et al., 
2020; Sanczuk et al., 2023). Studies have shown that microclimatic 
conditions tend to be more variable in managed forest stands than in 
old-growth forests (Málǐs et al., 2023). In primary and old-growth for
ests, the complex structure of vegetation creates a more stable envi
ronment, mitigating temperature fluctuations and maintaining moisture 
levels (Adhikari et al., 2025; Lindenmayer et al., 2022; Meli et al., 2024). 
This is particularly important in the context of climate change, as 
increased temperature extremes challenge ecosystem stability (Vacek 
et al., 2023). Notably, forests that have been under long-term protection 
demonstrate a greater cooling capacity than areas exposed to human 
disturbance or land use change (Adhikari et al., 2024; Xu et al., 2022). 
By reducing the impacts of climate extremes and sheltering particularly 
sensitive species from these impacts (McGinn et al., 2023), forests also 
play an essential role in safeguarding biodiversity (Corlett, 2020). The 
preservation of old-growth forests and the restoration of mature natural 
forests are therefore crucial not only for climate regulation, but also for 
preventing the loss of species that rely on stable, non-erratic environ
mental conditions.

The restoration of forest integrity has emerged as a promising nature- 
based solution to address both climate adaptation and biodiversity 
conservation (Lipka et al., 2023; Wright and Francia, 2024). As global 
environmental challenges intensify, restoring forests to a more natural 
state can enhance ecosystem resilience, mitigate climate extremes, and 
contribute to biodiversity recovery (Alibakhshi et al., 2024). In this 
context, rewilding stands in strictly protected areas - those where human 
exploitation is excluded - can provide valuable insights into how eco
systems can recover in the absence of direct human intervention. Despite 
growing recognition of the importance of strict protection and forest 
restoration for sustainable development (Hemraj et al., 2024), the time 
needed for full recovery of ecosystem functionality remains to be 
quantified. In fact, studies about the capacity of forests to cool the 
climate generally concern reforestation or old-growth forests (e.g., 
Barnes et al., 2024; Zhang et al., 2020), while the restoration dynamic 
toward natural ecosystems is still overlooked in many parts of the world. 
This lack of research particularly concerns regions in the Mediterranean 
basin, which is increasingly vulnerable to climate change (Cramer et al., 
2018). The Mediterranean basin is a global biodiversity hotspot (IUCN, 
2013) that is experiencing significantly faster summer warming than the 
global average, with an estimated amplification of around 40 %. This 
accelerated warming is linked to an increase in the frequency and in
tensity of summer heatwaves, more severe and prolonged droughts, and 
more intense heavy rainfall events (Urdiales-Flores et al., 2024). These 
stresses are exacerbated by centuries of land use changes and defores
tation (Palli et al., 2023; Santi et al., 2024). Despite the region’s 
importance and vulnerability, a notable gap remains in research focused 
on long-term forest restoration processes, particularly regarding the 
effectiveness of protected areas in mitigating climate impacts and 
restoring ecosystem resilience. In this context, the role of unmanaged 
rewilding forests in mitigating extreme warming events (Gohr et al., 
2021) remains overlooked. Addressing this gap is crucial for developing 
tailored conservation strategies that help protect the region’s unique 
biodiversity and contribute to broader climate adaptation goals in areas 
with high population density.

Satellite-derived land surface temperature (LST) offers a unique 
opportunity to evaluate the thermal behavior of forest canopies across 

large spatial and temporal scales. LST, derived from thermal infrared 
satellite data, provides a spatially explicit indicator of the temperature at 
the top of the canopy, reflecting how vegetation structure and function 
affect the energy balance at the land–atmosphere interface. Although 
LST does not directly represent air temperature or microclimatic con
ditions within the understory, it is a valuable proxy for assessing canopy- 
scale thermal regulation and the landscape-level impacts of forest cover 
on surface warming. Recent advances in Earth observation enable fine- 
scale assessment of how forest structure interacts with surface temper
ature dynamics (Basnet et al., 2025). This is particularly relevant for 
evaluating the outcomes of different forest management regimes, 
including strictly protected areas, extensive conservation zones, and 
actively managed forests such as coppices. Moreover, while the climatic 
benefits of forest conservation are well recognized at the global and 
regional levels (Peña-Claros and Nobre, 2023) their expression at the 
mesoclimatic scale – particularly in response to extreme heat events – 
remains poorly understood.

To fill this knowledge gap within Mediterranean ecosystems, we 
explored the climate mitigation capacity, as measured by the average 
summer maximum canopy temperature, of forest stands protected under 
different regimes, spanning from a strictly protected area (IUCN cate
gory Ia) to a protected landscape (IUCN category V) and non-protected 
productive coppices. Specifically, this paper addresses the following 
research questions: 

• How do summer maximum forest canopy temperatures differ be
tween strictly protected areas (IUCN Ia), protected landscapes (IUCN 
V), and non-protected forests managed for firewood production 
(coppicing) under Mediterranean climate?

• How do topographical characteristics (microsite) and canopy struc
tural and functional attributes influence the cooling capacity of 
Mediterranean evergreen forests facing increasing aridity?

• Taking into account differences in microsite environment and 
remotely sensed forest attributes (e.g., height, canopy cover), does 
the level of protection provide greater capacity to mitigate the effects 
of heat waves? More specifically, what is the relationship between 
long-term rewilding (strict protection) and the mesoclimatic role of 
forest canopies in regulating surface temperature under severe 
summer heat stress conditions? Does the cooling effect of ecological 
restoration increase over time?

2. Materials and methods

2.1. Study area

The study area (Fig. 1) is the Poggio Tre Cancelli strict reserve (IUCN 
category Ia; hereafter SR), the second to be established in Italy in 1961 
(Pavan, 1961; Administrative decree 07/26/1971) and the first one in 
the coastal zone of the Mediterranean basin (https://www.protecte 
dplanet.net/5968, accessed on December 2024). SR extends for 99 ha 
along the Mediterranean coastal area in central-western Italy. The 
Reserve is managed by the Carabinieri Forestali Biodiversity Group. 
Located in the municipality of Follonica (Tuscany, Italy), SR is entirely 
included in the perimeter of the Interprovincial Park of Montioni (IUCN 
category V; hereafter NP) established in 1998 following the national 
framework park law 394/91. The area is characterized by a low hilly 
terrain, where calcareous marly reliefs range from 108 to 280 m a.s.l.

The area falls within the Mediterranean pluviseasonal oceanic 
bioclimatic variant, characterized by a lower mesomediterranean ther
motype and a lower subhumid ombrotype (Pesaresi et al., 2017). It has a 
mean annual temperature of 15.4 ◦C and an average annual precipita
tion of 688 mm (Fig. 1). The current forest cover of the SR and NP is 
characterized by a stored coppice, derived from a long history of 
coppicing with standards management systems for firewood and char
coal supply. Indeed, the last logging activities date back to 1948 in a 
peripheral part of the SR (Pavan, 1961) while in the NP harvesting 
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activities stopped in the last decades. Coppicing with standards system is 
still practiced in the productive forest (hereafter PF) (Fig. 1). The 
dendrological tree species composition is characterized by the typical 
Mediterranean sclerophyllous vegetation dominated by holm oak 
(Quercus ilex L.) accompanied by strawberry tree (Arbutus unedo L.), 
south european flowering ash (Fraxinus ornus L.), black hornbeam 
(Ostrya carpinifolia Scop.) and turkey oaks (Quercus cerris L.). The NP and 

the PF have a similar tree species composition (see below).

2.2. Data acquisition and processing

To reach our goal, we designed a workflow (Fig.2) that can be 
summarized in the following main steps: (a) input data acquisition and 
processing; (b) harmonization of dependent and explanatory variables; 

Fig. 1. Study area. (a) Walter and Lieth climate diagram showing temperature and precipitation curves from CRU data (http://badc.nerc.ac.uk/data/cru/) for the 
period 1901–2020. (b) Localization of the Poggio Tre Cancelli Strict Reserve (SR), the interprovincial Natural Park of Montioni (NP), and other forested areas outside 
the protected area. c); Forest mask layer areas considered in this study. Colored areas refer to management classes from the strict reserve (SR) and Natural Park (NP) 
to the productive forest (PF) of the same forest type (mixed sclerophyllous forest with Quercus ilex L. growing on calcareous marly reliefs).
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(c) masking the study area forest land; (d) modeling land surface tem
perature (LST) via parametric statistical method.

2.2.1. Study area forest mask for comparative analysis
To investigate how forest protection status affects canopy thermal 

patterns, we defined a forest mask encompassing areas with comparable 
ecological conditions across a gradient of management intensity. We 
used official vector polygon boundaries of the SR provided by the 
Carabinieri Forestali Biodiversity Group, and of the NP (https: 
//www502.regione.toscana.it/geoscopio/arprot.html, accessed on 
November 2023) to delineate the core protected areas (IUCN categories 
Ia and V, respectively). To extend the analysis beyond the protected core 
and include productive forests (PF), we focused on identifying forest 
stands that were ecologically and compositionally comparable to SR. To 
do so, we defined a search radius of 10 km around the SR. This distance 
was chosen because, within this range, it was still possible to find forest 
ecosystems with comparable composition, substrate, and mesoclimatic 
conditions, allowing meaningful comparisons without the confounding 
effects of biogeographical or climatic divergence (De Frenne et al., 
2025). Within this area, we further used the vector polygons of the 
Italian ecopedological map from the National Geoportal (http://wms. 
pcn.minambiente.it/ogc?map=/ms_ogc/wfs/Carta_ecopedologica.map, 
accessed on: February 2024), to select only the areas belonging to the 
same ecopedological category of the strict reserve (calcareous marly 
reliefs). The Forest Type 2021 HRL forest layer (FTY) (https://land.co 
pernicus.eu/en/products/high-resolution-layer-forests-and-tree-cover 
/forest-type-2021-raster-10-m-100-m-europe-3-yearly, accessed in 
November 2023) of the Copernicus Land Monitoring Service (CLMS) 
was used to further abstract reference forest areas. As the variability of 

the forest temperature is also influenced by the type of vegetation, we 
searched for vegetation similar to the SR (i.e., mixed sclerophyllous 
forest with Quercus ilex L.). To this aim, we used the regional Tuscany 
Forest Inventory with a spatial resolution of 400 m (https://dati.toscana 
.it/dataset/ucs/resource/92355190-d959–436c-92a6-e370950f915f, 
accessed in April 2024), selecting only forest cover dominated by holm 
oak. Based on on-screen photointerpretation of high-resolution Google 
Earth imagery and forest disturbance data product (Senf and Seidl, 
2021a), we also masked forest area where disturbances (intended as 
forest-cutting activities) occurred during the period of investigation 
(https://doi.org/10.5281/zenodo.3924381. accessed on: May 2025). 
These filters ensured that selected productive forest sites (PF) outside 
the protected area were comparable to the SR, differing primarily in 
their management regime. The resulting forest mask (Fig. 2) thus 
enabled a robust comparative analysis of canopy thermal responses 
across gradients of protection and management intensity (Fig. 2).

2.2.2. Land surface temperature (LST) estimation
LST was retrieved from NASA’s Landsat 8 OLI/TIRS satellite imagery 

by developing a JavaScript code in the Google Earth Engine (GEE) cloud 
computing environment (Gorelick et al., 2017). We used atmospheri
cally corrected and orthorectified surface reflectance and thermal 
infrared bands of the USGS Landsat 8 Level 2, Collection 1, Tier 1 im
agery (https://developers.google.com/earth-engine/datasets/catalog/ 
LANDSAT_LC08_C02_T1_L2#description, accessed on November 2024) 
acquired in the summer period (1 June-31 August) from 2013 to 2023 
for a total of 143 scenes. After applying the proper scaling and offset 
factor to all optical and thermal bands, we masked out cloud and cloud 
shadow-affected pixels by using the QA_PIXEL quality attributes band 

Fig. 2. Workflow of the study. Forest functional, structural, and topographical data and the forest surface temperature (FST) were derived from remotely 
sensed datasets.
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generated from the CFMASK algorithm (Foga et al., 2017), and the 
collection was reduced by the maximum value of each pixel across the 
stack. To retrieve LST from the Landsat thermal band, we implemented a 
standard mono-window LST retrieval algorithm by established proced
ures (e.g., Sobrino et al., 2004; Jimenez-Munoz et al., 2009) which es
timate and correct the land surface emissivity to account for its spatial 
variability resulting from different vegetation cover within each pixel. 
First, we derived the fraction of vegetation cover (Pv) from the NDVI 
(normalized difference vegetation index) calculated over the image 
collection using near infra-red (Band 5 - NIR) and red (Band 4 - RED) 
bands as follows: 

NDVI =
NIR − RED
NIR + RED 

and the proportion of vegetation (Pv) was calculated as 

Pv =

(
NDVI − NDVImin

NDVImax − NDVImin

)2 

where NDVImax is the maximum NDVI value and NDVImin is the mini
mum NDVI value. Then, the land surface emissivity (ε) was computed 
with the following equation: 

ε = mPv + n 

In the emissivity equation, m is a proportionality coefficient that reflects 
the difference between vegetation and soil emissivity, adjusted by the 
geometrical shape factor (F), while n represents the baseline emissivity 
derived from a weighted combination of soil and vegetation values. 
Specifically, m = (εv - εs) - (1 - εs) Fεv and n = εs + (1 - εs) Fεv, where εv is 
the vegetation emissivity, εs is the soil emissivity, F the shape factor, and 
Pv is the proportion of vegetation. Following Sobrino et al. (2004), we set 
m = 0.004, n = 0.986, and F = 0.55, assuming the mean of different 
geometrical distributions. NDVI was not directly used to correct or 
model LST, which was derived from thermal infrared radiance, making 
it primarily a function of surface temperature, not vegetation greenness 
per se. Finally, the maximum per-pixel LST at 30 m ground sample 
distance (GSD) over the study area was computed as follows: 

LST =
Tb[

1 +

(

λ Tb
ρ

)]

× lnε
− 273.15 

where Tb is the thermal band brightness temperature (in Kelvin), λ is the 
central band wavelength at which radiance is emitted (λ = 10.8 μm, by 
NASA); ρ = h × c/σ (1.438 × 10–2 m K) with h being Planck’s constant 
(6.626 × 10–34 J⋅s), c is the velocity of light (2.998 × 108 m⋅s-1), σ is the 
Boltzmann constant (1.38 × 10–23 J⋅K-1), and ε is the calculated emis
sivity. The value of 273.15 was subtracted from the resulting LST in 
Kelvin to convert it to Celsius degrees ( ◦C). The improved study area 
mask was then used to obtain a forest surface temperature (hereafter 
FST) map representing LST data of the forest canopy within the study 
area.

2.2.3. Forest structural parameters
Spatially explicit forest canopy height (CHM) and above-ground 

woody biomass (AGB) maps were used to assess the forest structure 
(Table 1). In this paper, we used the CHM published by Lang et al. 
(2023). This dataset reports tree canopy heights at 10 m of GSD, 
developed by a probabilistic deep learning model coupling height data 
from the Global Ecosystem Dynamics Investigation (GEDI) space-borne 
LiDAR mission with Sentinel-2 optical satellite images. Despite the LST 
dataset covering a broader temporal range (2013–2023), we considered 
CHM to be representative of forest structure over the entire study period, 
given that the SR and NP areas are composed of mature, unmanaged 
stands where height change is minimal over decadal timescales. Forest 
AGB data were extracted from Harris et al. (2021), which reported 

biomass density (per hectare) at 30 m of GSD derived using a multi-step 
processing of LiDAR data with regional allometric equations and Land
sat imagery. The CHM dataset was resampled by mean value to match 
the AGB dataset GSD (i.e., 30 m).

CHM and AGB data were validated through comparison with ground 
truth data provided by the Carabinieri Forestali Biodiversity Group of 
Follonica, collected along a 13,500 m² sample transect in the SR. Within 
the plot, all live and dead-standing trees were geolocated using a global 
navigation satellite system (GNSS) receiver. For each tree, the diameter 
at breast height (DBH, i.e. diameter above 1.30 m) and the total height 
were measured with a diameter caliper and an ultrasonic hypsometer, 
respectively. Tree volume (in m3) and biomass (in Mg) were then 
calculated using species-specific allometric equations from the national 
forest inventory (NFI) (Tabacchi et al., 2011). This dataset was then 
imported into QGIS environment (QGIS Development Team, 2024) as a 
vector point, with the relative biomass and height attributes associated 
with each individual tree. A grid of 60 m x 60 m was superimposed over 
the transect, and single tree AGB values within the cell were aggregated 
(per hectare) for comparison with the raster’s AGB value. To align our 
measurements with the canopy height model (CHM) raster data, we 
calculated the 98th percentile of the measured tree heights within each 
cell. This metric is consistent with the RH98 canopy-top height defini
tion derived from GEDI L1B waveforms, as defined by Lang et al. (2023). 
Then, a linear regression analysis was performed to describe the re
lationships between remotely - derived data and field measurements 
over the transect.

2.2.4. Forest functional parameters and edge effect
Forest functional parameters were derived from the same NASA 

Landsat 8 OLI/TIRS satellite imagery collection described in Section 
2.2.2. reduced by the median value across the stack. To quantify vege
tation greenness, the Landsat 8 bands (B02, B04, B05, B06) were used to 
derive the enhanced vegetation index (EVI) (Table 1), which is strongly 
related to plant phenology and chlorophyll content (Huete et al., 2002). 
Also, the normalized difference moisture index (NDMI) (Table 1) was 
calculated to account for canopy water content (Gao, 1996). We used the 
Tree Cover Density 2021 HRL forest layer (TCD) (https://land.copernicu 
s.eu/en/products/high-resolution-layer-forests-and-tree-cover/tree-co 
ver-density-2021-raster-10-m-100-m-europe-yearly, accessed on 
November 2023) of the Copernicus Land Monitoring Service (CLMS) as 
the vertical projection of forest tree crowns to the horizontal Earth’s 
surface. The TCD provides information on the proportional crown 
coverage per pixel at 10 m spatial resolution (100 m2) in a continuous 
scale (0–100 %) and was resampled to a 30 m/pixel resolution by mean 
value. The TCD layer was considered in both structural and functional 
parameters (Solano et al., 2021). Finally, to consider the forest edge 
effect, which influences forest ecosystem functioning (Fischer et al., 
2021; Wang et al., 2020), we calculated the distance between the forest 
boundary and the inner forest areas. The Forest Type 2021 HRL forest 
layer (FTY) (https://land.copernicus.eu/en/products/high-resolution- 
layer-forests-and-tree-cover/forest-type-2021-raster-10-m-100-m-euro 
pe-3-yearly, accessed on November 2023) of the Copernicus Land 
Monitoring Service (CLMS) was used as reference forest mask as it 
provide a map with “forest” pixel classified following the forest defini
tion of the Food and Agriculture Organization (FAO, 2023) with a GSD 
of 10 m (100 m2). The FTY was then resampled to 30 m spatial resolution 
(900 m2) by mean value and the forest border was derived via QGIS 
software. Then, we calculated the distance from the forest boundary as 
the distance from the center of each forest pixel to the center of the 
nearest pixel identified as non-forest.

2.2.5. Geomorphological and topographical parameters
Bare ground surface morphology was included in the FST modeling 

to account for topography, elevation, slope and aspect influences on 
vegetation structures and dynamics (Cheng et al., 2023). From the 
TINITALY DEM (Tarquini and Nannipieri, 2017) raster data, with a 10 m 
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cell size (Version 1.1; https://doi.org/10.13127/tinitaly/1.1) we 
calculated the slope (in %) and the aspect. The aspect was then trans
formed into eastness and northness. Eastness was calculated as sin 
(aspect), indicating the east/west direction of the slope, while northness 
was calculated as cos(aspect), indicating the north/south direction of 
the slope (Wilson et al., 2007). The DEM was also used to calculate the 
topographic position index (TPI), which quantifies a location’s relative 
position by comparing its elevation to the average elevation of the 
surrounding area within a specified radius. This method allows for 
identifying landscape features such as ridges, valleys, and flat areas. The 
TPI calculation was performed following the methodology outlined by 
Weiss (2001), where positive TPI values indicate locations higher than 
the surrounding terrain (e.g., ridges), negative values represent lower 
areas (e.g., valleys), and values near zero suggest flat or constant slope 
regions. All datasets were projected to the UTM zone 32 N, WGS 84 
(EPSG 32,632) coordinate reference system. All candidate predictor 
variables layers were then co-registered using the basic pixel alignment 
algorithm of the image-to-image automatic co-registration processing 
QGIS plugin (https://github.com/SMByC/Coregistration-Qgis-proc 
essing, accessed in February 2024) and the final improved study area 
mask was then used to extract potential predictor variables data in the 
four forest management class zones. All geomorphological and topo
graphical parameters are summarized in Table 1.

2.2.6. Climatological anomalies trend analysis and FSTmax yearly variation
Site-representative free-air daily temperature series between 1980 

and 2023 were obtained by employing the anomaly method, which as
sumes that the daily temperatures of any point can be expressed by 
summing two independent components: the climate normal over a given 
reference period (i.e., the 30-arc-second temperature climatology of 
Brunetti et al. (2014) and the deviations from it (i.e., the anomalies). Site 
representative anomalies of maximum free-air temperature during 
summer (TmaxA) were obtained by calculating a weighted average of the 
anomalies from the stations in the Brunetti et al. (2006) dataset, incor
porating the station networks of the Italian Air Force and various Italian 
regional agencies. Our rationale for using the anomaly approach was to 

investigate how and to what extent heatwave extremes, which are 
ecologically impactful and increasingly frequent under climate change 
maximum, impact forest surface temperature during summer 
(FSTmaxanomaly).

TmaxA and FSTmaxanomaly trends were analyzed by fitting a least- 
squares regression and assessed by using the non-parametric Mann- 
Kendall (MK) method, which has been widely used in climate studies 
(Kendall, 1975; Mann, 1945). The MK test statistic (S) was used to 
determine the sign (positive or negative) of an existing trend, and the Z 
statistic was used to determine whether a trend was significant or not (at 
the α = 0.05 level). We analyzed the long-term trend of time series of 
TmaxA from the 1980–2023, which represent the departure from the 
long-term average reference value. Then, we conducted the trend 
analysis on the common period 2013–2023. To investigate the strength 
and direction of the relationship between the TmaxA and the 
satellite-derived FSTmax among the different management zones, we 
used the Spearman’s rank correlation coefficient (rho coefficient) 
calculated for the period 2013–2023, with a two-sided hypothesis test.

The relative climate dryness was assessed through the Palmer 
Drought Severity Index (PDSI) (Palmer, 1965). As PDSI is sensitive to 
different climate and land cover properties, we used its adapted 
formulation, the self-calibrated PDSI (scPDSI), which reduces the 
excessive frequency of extreme events by calibrating the original PDSI 
using local conditions (Wells et al., 2004). The monthly scPDSI dataset 
for the period 1901–2022 was downloaded from the CRU (https://cru 
data.uea.ac.uk/cru/data/drought/, accessed in April 2024) at a spatial 
resolution of 0.5 × 0.5 degrees (Dunn et al., 2022; van der Schrier et al., 
2013). Trend analysis was conducted using the method described pre
viously. The rho coefficient was also calculated between FSTmax and the 
scPDSI to evaluate the impact of drought spells on maximum summer 
temperatures.

2.2.7. Statistical analysis and FSTmax modeling
A non-parametric analysis of variance (ANOVA) was conducted 

using the Kruskal-Wallis test (Kruskal and Wallis, 1952) to assess sig
nificant differences in forest canopy temperatures across different levels 
of management intensity. Post-hoc comparisons were performed using 

Table 1 
List of candidate predictor variables used in this study for the Forest Surface Temperature (FST) modeling.

Candidate predictor Description Spatial 
resolution

Temporal 
resolution

References

Forest structural parameters
Canopy Height Model - 

CHM
Canopy height data (in m) derived from RH98 NASA’s Global Ecosystem Dynamics 
Investigation (GEDI) full waveform LiDAR and Sentinel-2 satellite imagery

10m 2020 Lang et al. 2023

Above ground biomass 
AGB

A global map of the aboveground biomass, density (megagrams biomass per ha) 
with a multi-step process composed by LiDAR data, regional allometric equations 
and based on Landsat imagery

30 2000 Harris et al., 2021

Forest functional parameters and edge effect
Tree Cover Density 

(TCD)
Percentage of the canopy cover per pixel 10m 2021 Geospatial Data Catalogue 

Copernicus Land Monitoring 
Service (CLMS)

Enhanced Vegetation 
Index (EVI)

A vegetation greenness index EVI =
G ∗ NIR − RED

(NIR + C1 ∗ RED − C2 ∗ BLUE + L)
30m 2013 - 2023

Huete et al., 2002

Normalized Difference 
Moisture Index 
(NDMI)

Vegetation index related to water content NDMI =
(NIR − SWIR)
(NIR + SWIR)

30m 2013 - 2023
Gao, 1996

Distance from forest 
edge

The minimum distance of a single pixel from the forest edge (in km) ​ ​ Fischer et al., 2021; Wang 
et al., 2020

Geomorphological and topographical parameters
Elevation Elevation of the bare ground 10m 2023 Tarquini et al., 2017
Topographic Position 

Index (TPI)
Difference between the elevation of the center point and the average elevation of its 
surrounding neighbors

10m 2023 Weiss, 2001

Northness The cosine of aspect 10m 2023 Wilson et al., 2007
Eastness The sin of aspect 10m 2023 Wilson et al., 2007
Slope Percentage of inclined surface 10m 2023 ​
Response
Forest Surface 

Temperature (FST)
Measurement of the emission of thermal radiance from the land surface (in this case 
forest canopy surface).

30m 2013 - 2023 United States Geological 
Survey (USGS) NASA
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the Dunn’s z-test (Dunn, 1964), with p-values adjusted using the 
Benjamini-Hochberg correction (Benjaminit and Hochberg, 1995) for 
multiple testing. Moreover, we performed a test for the comparison of 
the coefficients of variation of FSTmax among the management classes 
following Forkman (2009).

Prior to the FSTmax modeling, we explored data distribution via 
univariate statistics, correlation analysis among FSTmax and all candi
date predictors, and checked for multiple regression assumptions to be 
satisfied. Multicollinearity between the independent variables was 
assessed using tolerance statistics and the Variance Inflation Factor 
(VIF), and variables with a VIF > 5 were discarded (O’brien, 2007). 
Linear regression was used to investigate the effects of covariates (site 
and forest attributes) and factors (forest management classes). We then 
ran two multiple regression models: The first was built by including only 
the elevation, slope, TPI, eastness, and northness predictor variables to 
test if, given the same environment, the protection regime may influence 
the FSTmax. The second was built by adding all the other functional and 
structural predictor variables to model their effect on temperature. The 
study area management classes were used as a factor for both models.

To assess the potential non-linearity in the relationships between 
candidate predictors and FSTmax, we implemented Generalized Additive 
Models (GAMs). GAMs allow for flexible, data-driven estimation of 
smooth relationships between predictors and response variables, 
without assuming a priori linearity (Wood, 2017). The response variable 
was FSTmax ( ◦C), and the predictors included the comprehensive set of 
topographic, structural, and functional forest attributes. Each of these 
variables was modeled as a smooth term using thin plate regression 
splines, allowing for smooth but spatially invariant effects across the 
study area. To account for unobserved heterogeneity between forest 
zones, a random intercept for zone was included, allowing to adjust for 
baseline differences in FSTmax among zones. The general structure of the 
model was: 

FSTmax = β0 +
∑

s(Xi) + bmanagementclass + ε 

where s(Xi) represents the global smooth function of each continuous 
predictor, and bmanagement_class represents a random effect associated 
with each management zone. The degree of smoothing was selected via 
restricted maximum likelihood (REML), and model assumptions were 
assessed via residual diagnostics.

Statistical analyses were performed using JASP software (JASP 
Team, 2023) and the mgcv, tidyverse packages in R (R Core Team, 2024).

3. Results

3.1. Strict reserve forest structure and remote sensing data validation

The SR is dominated by holm oak, and it is characterized by an 
uneven-aged forest structure (Fig. S1). The average DBH is 16.5 cm (±
9.4) with a predominant height (sensu Ford et al., 2007) of 27 m (± 0.8). 
The tree basal area is 22 m2 ha-1 and a total volume of 193 m3 ha-1 was 
estimated, corresponding to 139 Mg ha-1 of woody biomass. Considering 
the time since the last cutting (75 years), the average increase in volume 
is equal to 2.573 m3 ha-1 yr-1, underlying the low productivity of this 
forest stand.

CHM validation showed a statistically significant strong relationship 
with the 98th percentile of measured tree height (R2 = 0.86, F(1,13) =
77.72, p < 0.001), supporting its use in the following analysis (Fig. S2). 
The correlation between measured AGB and the global AGB dataset was 
not significant (R2 = 0.024, F(1,13) = 0.32, p = 0.581) and suggested 
that global data may underestimate the measured woody biomass 
(Fig. S2). For this reason, the AGB data was not used in the modeling 
phase.

3.2. FSTmax variation and free air temperature trend analysis

During the study period (2013–2023), FSTmax varied from an 
average value of 33.3 ◦C (± 0.5) in the SR, 34.2 ◦C (± 1.1) in the NP to 
35.4 ◦C (± 2.3) in the PF (Fig. 3). The highest FSTmax (49.2 ◦C) was 
registered within the PF, decreasing to 34.3 ◦C in the SR. More in gen
eral, the FSTmax are higher in PF compared to protected areas (Fig. 3 and 
Fig. S3). The strict reserve (SR) consistently records the lowest FSTmax 
during hot summers (Fig. 3 and Fig. S3). The Kruskal-Wallis test 
revealed significant differences in FSTmax among the forest management 
classes (Fig. 3). Thus, we rejected the null hypothesis and assumed there 
were differences between the different protection regimes in terms of 
summer daily maximum surface temperatures during the considered 
period, as confirmed by Dunn’s post-hoc test (Fig.3). SR is also distin
guished by the lowest year-to-year variation in FSTmax (Fig 3; Fig. S4). 
The zones within the Natural Park exhibit canopy temperature dynamics 
that are intermediate between the SR and productive coppice forests 
(PF).

The TmaxA series exhibited a significant upward trend from 1980 to 
2023, accounting for 43.9 % of the variance in temperature anomalies 
(Fig. S5). When considering only the data that coincide with FSTmax 
measurements derived from satellites, the trend line for 2013–2023 in
dicates an upward trend. However, the trend is not significant due to 
large year-to-year variability (Fig. S5). Overall, trend analysis high
lighted the increasing temperature extremes over the past four decades, 
with a tendency towards more pronounced extremes in recent years.

The correlation analysis (Fig. S6) shows strong, significant correla
tions between FSTmax across various forest management classes, espe
cially within NP and SR. This suggests a consistent response to regional 
climate variations. However, there’s no significant correlation between 
TmaxA and FSTmax. Despite this, all forest management types tend to 
show positive temperature anomalies during hot and severe drought 
periods (indicated by negative scPDSI values in Fig. S7), though the 
correlation with scPDSI is also not significant (Fig. S7).

The most influential predictors of FSTmax are directly related to the 
amount, density, and health of the vegetation (TCD, EVI, CHM, NDMI), 
all of which demonstrate strong negative correlations with FST (Fig. 4). 
Proximity to forest edges also significantly influences FSTmax, with 
interior forest areas generally being cooler. Topographical factors 
(Elevation, Slope, Northness, Eastness, TPI) show weaker correlations, 
suggesting they are less dominant drivers of FST compared to vegetation 
characteristics.

3.3. Disentangling factors for temperature differences among forest 
management classes

Descriptive statistics of the topographical (Elevation, Slope, East
eness, Northness, TPI), forest structural (CHM), functional (TCD, EVI, 
NDMI), and distance from the forest edge (Edge distance) parameters 
highlighted significant differences between management classes 
(Fig. S8).

The linear model developed to explain variation in FSTmax using 
topographic variables and categorical zoning (Tab. S1), accounts for 
35.1 % of the total variance in FST (Adjusted R² = 0.351) and is sta
tistically significant (F(7, 81,813) = 6334.255, p < 0.001). The Root 
Mean Square Error (RMSE) of the model is 1.420. Elevation, slope, and 
northness showed significant negative associations with FSTmax, while 
eastness and TPI were positively associated. Multicollinearity was not 
critical, as demonstrated by the Tolerance (86 % - 99 %) and VIF values 
(<1.2). Forest management classes were significant factors influencing 
the FSTmax, which increased from SR to PF (2.0 ◦C) (Tab. S1). When 
adding to the model the structural, functional and forest edge effect 
predictors, the model accounted for 79.6 % of the variance in FSTmax 
(Adjusted R² = 0.796; RMSE = 0.796; p < 0.001; Table 2). Elevation, 
slope, northness, CHM, TCD, NDMI, and edge distance were significantly 
negatively associated with FSTmax, whereas eastness, TPI, and EVI had 
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positive effects. The temperature offset was modeled as an increase up to 
1.14 ◦C on average in the case of PF compared to SR. There was no 
collinearity among predictors, with tolerance values ranging from 0.42 
to 0.95 and the largest VIF value of 2.3.

The GAM with a Tweedie distribution (p = 1.99) and a logarithmic 
link function explained 85.7 % of the deviance in FSTmax, with an 
adjusted R² of 0.858 indicating robust predictive power. All predictor 
variables included as smooth terms were highly significant (p < 0.001) 
revealing complex non-linear relationships with FSTmax (Table 3a and 
Fig. 5). Among the predictors, NDMI, distance to forest edge, eastness, 
elevation, and CHM showed the strongest effects on FST. The random 
effect for management zone was associated with a very large F-value (F 
= 7238.03), confirming a leading role of forest management class in 
determining surface temperature patterns, independent of other envi
ronmental predictors (Table 3b). The PF zone showed the highest 
average FST (effect = +0.0163). The NP exhibited a slightly lower FST 
(effect = − 0.0058) and the SR recorded the lowest FST (effect =
− 0.0106). Predicted FSTₘₐₓ was 33.52 ◦C in SR, 33.73 ◦C in NP (+0.21 
◦C vs. SR), and 34.53 ◦C in PF (+1.01 ◦C), with narrow 95 % confidence 

intervals in all cases (Table 3b).
Model diagnostics (Fig. S9 and S10) prove the improvement in re

sidual assumptions, validating the sufficiency of basis dimensions for all 
smooth terms.

CHM and NDMI both showed strong negative relationships with FST, 
indicating that taller canopies and higher moisture content are associ
ated with lower surface temperatures. Distance from forest edge had a 
strong negative effect on FST, with cooler temperatures found in forest 
interiors revealing a localized marked influence up to 250–500 m from 
the edge (Fig. 5). Elevation and slope showed clear negative effects on 
FST, with higher altitudes and steeper slopes associated with cooler 
surface temperatures (Fig. 5). TPI displayed a positive trend at higher 
values, suggesting warmer conditions on convex terrain. Northness and 
eastness exhibited non-linear relationships suggesting that south and 
east facing slopes experience warmer FST. FST increased rapidly with 
tree canopy density (TCD) and EVI up to a plateau.

Fig. 3. Spatial and statistical analysis of maximum forest surface temperature (FSTₘₐₓ) across three forest management zones: strict reserve (SR), natural park (NP), 
and productive forest (PF). Top-left: Land Surface Temperature (LST) map derived from remote sensing data, with colored boundaries indicating the three man
agement zones (SR, NP, PF). Top-right: LST values along a representative transect, showing the thermal gradient from the SR to adjacent agro-forestry and managed 
forest areas (PF) and highlighting localized thermal patterns and spatial variability. Bottom-left: boxplot of FSTₘₐₓ across zones. Bottom-right: boxplot of the co
efficient of variation (CV) of FSTₘₐₓ, representing intra-zone thermal heterogeneity. Different letters above boxplots indicate statistically significant differences 
among groups (Kruskal–Wallis test with Dunn’s post-hoc comparisons, p < 0.001, for FSTₘₐₓ, Forkman test for CV of FSTₘₐₓ).
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4. Discussions

4.1. Differences in canopy maximum temperature between forest 
management classes

Our analysis revealed significant variations in forest canopy 
maximum surface temperatures (FSTmax) across a Mediterranean coastal 

landscape in central Italy during the summer months. These variations 
were observed among forest stands with differing levels of protection 
and management practices. In particular, the SR (IUCN 1a) stand pro
vides compelling evidence of the significant cooling/buffering capacity 
effect of a forest stand managed as a strictly protected area and under
going a long-term rewilding process compared to harvested and human 
disturbed stands. In addition, the SR stand showed a distinctive thermal 

Fig. 4. Scatter plots of the relationships between forest surface temperature (FSTmax) and topographical, structural, functional, and forest edge effect, along with 
their respective Pearson correlation coefficients (R values). All reported correlations are statistically significant (p < 0.001).

Table 2 
Summary table of multiple regression model predicting FSTmax based on the value of topographical, structural, functional, and edge effect predictors. Management 
classes were considered factor variables. SR is the reference site.

Collinearity Statistics

Model Unstandardized Standard Error Standardized t p Tolerance VIF

H₀ (Intercept) 34.613 0.006 ​ 5617.2 <0.001 ​ ​
H₁ (Intercept) 41.617 0.04 ​ 1043.6 <0.001 ​ ​
​ Elevation − 0.002 6.129 × 10–5 − 0.071 − 32.5 <0.001 0.719 1.391
​ Slope − 0.011 3.671 × 10–4 − 0.048 − 28.7 <0.001 0.955 1.048
​ Northness − 0.035 0.005 − 0.013 − 7.3 <0.001 0.911 1.098
​ Eastness 0.364 0.005 0.135 77.8 <0.001 0.913 1.096
​ TPI 0.073 0.005 0.025 15 <0.001 0.937 1.067
​ CHM − 0.086 0.002 − 0.128 − 57.5 <0.001 0.712 1.405
​ TCD − 0.018 4.215 × 10–4 − 0.156 − 43.1 <0.001 0.436 2.292
​ EVI 0.994 0.072 0.047 13.8 <0.001 0.469 2.133
​ NDMI − 13.012 0.09 − 0.536 − 144.2 <0.001 0.425 2.352
​ Edge distance − 57.14 7.607 × 10–6 − 0.143 − 69.8 <0.001 0.769 1.3

Forest management classes

​ NP 0.13 0.025 ​ 5.1 <0.001 ​ ​
​ PF 1.145 0.026 ​ 44.6 <0.001 ​ ​
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stability, crucial for preserving biodiversity and ecological processes 
(Lindenmayer et al., 2022; Wolf et al., 2021), which are often disrupted 
by temperature fluctuations in managed forests (Málǐs et al., 2023). This 
compelling evidence underscores the critical role of protected areas in 
mitigating the effects of global climate change (Huang et al., 2022; 
Lehikoinen et al., 2021; Xu et al., 2022) and highlights the substantial 
benefits of long-term, strict protection in enhancing restoration 

outcomes (Hemraj et al., 2024) by facilitating the recovery of functional 
ecosystems.

In this area, with vegetation characterized by evergreen forest 
adapted to summer drought and a relatively high species richness, 
especially for woody species (Chiarucci and Bonini, 2005), climate is the 
main driver of species composition and is likely to be significantly 
affected by climate change (Arévalo et al., 2012). After more than sixty 

Table 3 
a) Generalized Additive Model (GAM) results for FSTmax prediction. ***p < 0.001. b) Predicted FSTmax for different management zones. FST predictions were 
calculated by holding all other continuous predictors at their mean value in the dataset. Strict Reserve (SR) is used as the reference zone for calculating differences.

a)

Predictor term Effect type edf (Effective Degrees of Freedom) F-statistic
(Intercept) Parametric N/A N/A
s(Elevation) Smooth 8.84 700.21***
s(Slope) Smooth 4.5 216.71***
s(Northness) Smooth 8.15 133.55***
s(Easteness) Smooth 8.07 819.22***
s(TPI) Smooth 6.45 128.07***
s(CHM) Smooth 8.9 605.76***
s(TCD) Smooth 2 85.41***
s(EVI) Smooth 8.89 195.21***
s(NDMI) Smooth 8.91 2031.94***
s(Edge distance) Smooth 17.84 1511.42***
s(Forest management classes) Random effect 1.99 7238.03***

b)

Forest management class Predicted FST ( ◦C) 95 % Confidence lower interval ( ◦C) 95 % Confidence upper interval ( ◦C) Difference from Reference Zone (SR) ( ◦C)
SR 33.52 33.46795 33.57765 N/A
NP 33.73 33.68928 33.76589 0.21
PF 34.53 34.48746 34.56717 1.01

Fig. 5. Partial effects of predictors on maximum forest surface temperature (FSTmax) as estimated by the GAM. Each panel displays the estimated smooth function 
(black line) for a given predictor on the log-linked scale, along with its 95 % confidence interval (grey shaded area). The tick marks along the x-axis represent the 
density of observations (rug plot). The final panel, s(Management), shows the estimated random effects for different management zones against Gaussian quantiles.

F. Solano et al.                                                                                                                                                                                                                                  Agricultural and Forest Meteorology 375 (2025) 110858 

10 



years of strict protection, the SR forest ecosystem has restored a tall 
canopy and, as a result, the summer daily maximum temperature is 2 ◦C 
lower compared to adjacent stands being actively managed for wood 
production. Even when considering all the analyzed environmental, 
structural and functional conditions, the SR remains cooler by approx
imately 1 ◦C. Natural Park areas (NP, i.e., IUCN V) also consistently 
recorded lower FSTmax, compared to productive forest areas, in agree
ment with previous studies (Adhikari et al., 2024; Blumröder et al., 
2021; Haight and Hammill, 2020; Santi et al., 2024). These results 
highlight the role of conservative management in maintaining a stronger 
canopy cooling effect and the importance of preserving and restoring 
complex forest structures, which are also essential for ecosystem resil
ience (Baliva et al., 2024). The implications of these findings are rele
vant for mitigating the increasing frequency of extreme heat and 
drought in the Mediterranean basin (Suarez-Gutierrez et al., 2023). 
Indeed, the trend analysis of maximum air temperatures on a 
multi-decadal scale revealed a remarkable increase in Tmax anomalies, in 
agreement with global warming (Hansen et al., 2023).

Areas managed with intensive forestry practices (coppice with 
standards) showed higher surface temperatures, as shorter tree can
opies, and fragmentation/edge effects reduce the cooling effect 
compared to a more natural complex forest ecosystem (Greiser et al., 
2020; Javadian et al., 2022). The result of this study aligns with broader 
observations that disturbed forests tend to be about 1.5 ◦C warmer than 
their undisturbed counterparts (Santos et al., 2024). Taller complex 
canopies, such as those found in the SR, contribute to lower surface 
temperatures through high surface roughness that enhances turbulent 
exchange, leading to increased evapotranspiration (Mildrexler et al., 
2011). In contrast, warmer temperatures characterizing intensively 
harvested areas such as productive coppice forests are explained by the 
shorter structure and open canopy patch, which also increases their 
vulnerability to global changes (Thom et al., 2020). This study 
confirmed that forest cover and stand structure modulate the impact of 
external maximum temperatures, providing a natural cooling effect that 
varies depending on management practices and biomes (i.e., becoming 
more relevant towards the tropics; De Lombaerde et al., 2022).

It is worth noting that temperature variations between different 
protection and management classes persist even when the descriptive 
parameters of the environmental, structural, and functional character
istics of the stand are included in the models. While this discrepancy 
may stem from limitations in the remote-sensing derived covariates, 
recent studies have highlighted the emergence of novel ecological 
qualities in forest ecosystems that exhibit a higher degree of naturalness. 
For instance, mature and old-growth forests exhibit greater drought 
resistance and a better ability to sustain water availability compared to 
younger stands, which are more sensitive to climate variations (Adhikari 
et al., 2024; Farinacci et al., 2024). As vegetation dynamics of unman
aged stands progresses toward more natural conditions, a range of mi
crohabitats and microclimates emerge within the forest ecosystem 
(Kovács et al., 2024), enhancing the overall forest resilience to climate 
change, particularly in Mediterranean environments (Baliva et al., 2024; 
Colangelo et al., 2021). Also noteworthy is the putative facilitating role 
of large and old trees, which have survived in the perturbed forests, 
acting as true hubs for the ecosystem’s resilient responses (Piovesan 
et al., 2022).

The small average FSTmax difference between SR and NP suggests 
that most of the thermal buffer capacity can be recovered in a few de
cades (30–40 years), as shown in case studies of the recovering forest 
landscape in the eastern United States (Zhang et al., 2020). However, in 
the Mediterranean environment, about 75 years after coppicing has 
ceased, the unmanaged stored coppice continues to cool, probably 
because low biomass growth rates that slow down the structural resto
ration processes of complex, tall forests rich in large and old trees. 
Considering that an old-growth holm oak forest in Sardinia exhibits 
more than twice the above-ground biomass (340 t ha-1) (François and 
Terradas, 2013) compared to that measured at Tre Cancelli Strict 

Reserve and given the holm oak’s remarkable longevity (Filibeck et al., 
2023), the return to a high level of naturalness will still require a sig
nificant amount of time. However, the absence of an old-growth refer
ence forest within the study area severely limits our ability to predict a 
substantial increase in future surface cooling capacity. This study un
derscores discrepancies between local (based on site tree measurements) 
and global biomass estimates, with the latter underestimating carbon 
sequestration, particularly in primary forests (Ralhan et al., 2023). More 
accurate biomass estimates are crucial for efficient forest management, 
supporting conservation priorities and enhancing carbon sequestration 
strategies.

4.2. Drivers of summer maximum temperature buffering

The correlation between TmaxA and FSTmax was positive but not 
significant, confirming that along with air temperature, relevant envi
ronmental factors and forest attributes influence the temperature of the 
forest canopy (e.g. water balance; Davis et al., 2019).

A first key result of this study is that severe disturbances to the forest 
canopy – such as those produced by intensive coppicing activities – alter 
the natural forest mesoclimate and microclimate by increasing the solar 
radiation reaching the ground (Vandewiele et al., 2023) and reducing 
the distance of core forest areas from the edges (Málǐs et al., 2023). 
Therefore, the contrasting CHM characteristics across management 
zones provide a key biophysical explanation for the observed inter-zonal 
differences in FST, underscoring how management practices that influ
ence forest vertical structure ultimately modulate the thermal environ
ment. Restoring coppiced forests towards a more complex canopy 
structure may be adopted as a “win-win” nature-based solution, as it 
combines conservation and adaptation goals, providing a resilient 
context that can effectively address the challenges of climate change 
mitigation and biodiversity protection (Lipka et al., 2023).

Beyond the direct influence of forest structure, our models high
lighted the significant role of NDMI in modulating FSTmax. A strong 
negative relationship was observed, where low NDMI values (indicating 
drier canopy conditions) were associated with a significant positive ef
fect on FST, resulting in warmer surface temperatures. Conversely, as 
NDMI increased (reflecting higher moisture content in vegetation and 
soil), the effect on FST rapidly leads to cooler surfaces. This finding 
robustly underscores the critical importance of moisture availability in 
the forest thermal regime (Senf and Seidl, 2021b; Vandewiele et al., 
2023). Areas with higher water content dissipate more energy through 
evapotranspiration, thereby effectively cooling the surface. This mech
anism is particularly vital in Mediterranean environments, where water 
availability is a primary limiting factor and directly influences vegeta
tion’s ability to buffer thermal extremes (Mu et al., 2021; Sungmin et al., 
2022). This suggests that taller canopies and higher moisture content are 
essential for maintaining lower maximum temperatures (Zhang et al., 
2022) and the overall forest functionality and health, especially in the 
Mediterranean area. Indeed, the microclimate of forests is influenced by 
water supply (Manzi et al., 2024) and in particular, by (i) leaf evapo
transpiration that contributes to mitigating extreme temperature events 
(De Frenne, 2023), and (ii) the cooling effect of tree trunks, which de
rives from the sap flux within the tree (Frey et al., 2023). The cooling 
effect of forests is related to ecosystem ecohydrology, where trees 
extract, recycle, and store water, thereby maintaining an optimal tem
perature range (Ellison et al., 2024). However, the sensitivity to regulate 
canopy temperature may differ across species, with a wide variability in 
hydraulic traits (Yi et al., 2020).

Small distances from the forest edge were associated with a strong 
positive effect on FSTmax, indicating notably warmer temperatures right 
at the forest–non-forest boundary. This warming effect rapidly dimin
ished as distance from the edge increased, eventually leveling off or 
showing minor fluctuations further into the forest interior. This strong 
“edge effect” is likely due to a combination of factors. Forest edges 
typically experience increased exposure to direct solar radiation, 
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reduced shading from adjacent canopy, higher air temperatures due to 
reduced buffering capacity, and altered wind patterns compared to the 
interior (Franklin et al., 2021; Meeussen et al., 2021). This increased 
energy input and reduced capacity for heat dissipation collectively 
contribute to the observed elevation in FST at the forest margins. The 
rapid decline of this warming effect with increasing distance highlights 
the localized nature of edge-induced microclimatic changes and the 
buffering capacity of the forest interior. Proximity to forest edges (e.g., 
adjacent agricultural fields, forest roads, firebreaks, or other in
frastructures) negatively impacts microclimate stability with a strong 
non-linear effect extending up to 250 m. Thus, the edge effect becomes 
very relevant in fragmented forest landscapes (Dantas De Paula et al., 
2016; Hending et al., 2023). Mitigating the impact of global warming 
and other factors contributing to forest degradation (e.g., alien species, 
human-made fires) requires large, undisturbed forest core areas. Forest 
disturbances that reduce canopy cover can dramatically alter the forest 
mesoclimate, and restoring the original structure and its 
temperature-buffering capacity may take decades (Vandewiele et al., 
2023) – or even centuries in the case of fragmented forests in Mediter
ranean environments.

However, in semi-natural, closed-canopy forest landscapes, the 
Poggio Tre Cancelli strict reserve demonstrates that just a few decades 
can be sufficient to recover substantial climate-buffering capacity (see 
also Málǐs et al., 2023). This kind of recovery dynamic, however, is 
largely feasible only within strictly protected areas, which currently 
represent a relatively small portion of EU territory and are mostly 
concentrated in high-altitude regions (Cazzolla Gatti et al., 2023). 
Consequently, expanding the coverage of strictly protected areas up to 
10 % of the EU land area by 2030, with a focus on supporting rewilding 
processes, can not only enhance ecosystem resilience and maintain 
biodiversity (Perino et al., 2019) but also contribute significantly to 
climate change mitigation.

An intriguing finding from the GAM was the non-linear and positive 
response of FSTmax to TCD and EVI. While an overall cooling effect of 
increased vegetation is widely recognized in many ecosystems (De 
Lombaerde et al., 2022), which contributes to regulating surface tem
peratures (Vandewiele et al., 2023) and the conservation of specialized 
forest understory communities (Lorer et al., 2024; Santi et al., 2024), our 
model revealed a more complex pattern for TCD and EVI.

The Generalized Additive Model (GAM) analysis revealed a positive, 
non-linear relationship between FST and canopy closure, a metric 
captured by both Tree Canopy Density (TCD) and the Enhanced Vege
tation Index (EVI) (Fig. 5). This complex relationship, which emerged 
after checking other variables, suggests that the underlying biophysical 
processes are far more intricate than simple shading. For example, dense 
evergreen canopies, such as those of Quercus ilex, naturally have a low 
leaf albedo (darker leaves), leading to greater solar energy absorption as 
tree cover increases (Godinho et al., 2016). The albedo effect is com
pounded during periods of heat and drought by a significant reduction in 
evapotranspiration, which diminishes the forest’s primary cooling 
mechanism. This highlights key ecophysiological limits in warm, 
drought-limited environments like the Mediterranean or the tropics, 
where extreme heat may trigger stomatal closure (Manzi et al., 2024). 
During heatwaves, this combination of high solar absorption and 
reduced evapotranspiration may explain why the cooling effect of can
opy cover decreases up to a plateau at higher canopy densities. This 
effect negates the benefits of high greenness, as recently demonstrated in 
urban vegetation (Weng et al., 2025). However, this interpretative hy
pothesis requires further verification and in-depth study.

As expected, elevation significantly influences the climate, as it tends 
to lower mean temperatures and diminish the severity of temperature 
extremes. Previous studies indicated that higher-elevation areas tend to 
maintain cooler temperatures compared to lower-altitude areas, due to 
the adiabatic cooling process and decreased exposure to extreme events 
(Dobrowski, 2011). This combined process is particularly relevant in 
Mediterranean forests, where reliefs host refugial habitats for 

heat-sensitive species (Alston et al., 2020; Lovari et al., 2020; Malagnino 
et al., 2024), sheltering them during periods of intense warming.

The aspect influences the amount of solar radiation received, which 
in turn affects soil and canopy temperatures. North-facing aspects tend 
to stay cooler compared to south-facing ones, where solar radiation is 
more direct. This effect is well-documented in the literature: slopes with 
lower sun exposure tend to maintain cooler temperatures, making them 
especially suitable as microrefugia for species that depend on shaded, 
cooler conditions (Málǐs et al., 2023). In this sense, forests with northern 
exposure or sheltered zones can be crucial for biodiversity conservation, 
as they offer natural climatic refuges for forest species. In this study, the 
marked canopy level cooling effect of the west aspect can be linked to 
the proximity to the Tyrrhenian Sea, generating cooling breeze and 
occult rain (Bernardino et al., 2022). Valleys and enclosed areas with 
negative TPI values tend to be cooler and more humid, favoring the 
creation of micro-refuges capable of maintaining stable thermal condi
tions. Studies have shown that areas with negative TPI values show 
lower temperatures than exposed ridges (Weiss, 2001). This suggests 
that TPI might help identify areas particularly favorable for maintaining 
stable mesoclimate conditions, that are essential for the ecological 
resilience of forest habitats and the protection of sensitive species. 
Together, these topographical parameters contribute to climatic di
versity within forests, creating a range of environments that can act as 
micro-refuges for different species. This environmental heterogeneity is 
particularly important in the context of climate change, where natural 
forests can serve as “buffer zones” against extreme temperatures. Studies 
such as De Frenne et al. (2021) emphasize the importance of conserving 
habitats with these topographical characteristics as part of adaptation 
strategies, as they support natural resilience against global warming. 
Within complex terrain, old-growth forests and recovering forest eco
systems can synergistically provide crucial refuges for species to persist 
amidst a warming climate (Greiser et al., 2024). Considering the un
precedented rapid change in climatic conditions (IPCC, 2023), 
forest-assisted migration is seen as one of the solutions to help species 
migrate faster (Williams and Dumroese, 2013) and adapt to the new 
range margins. Our temperature-based assessment underscores the sig
nificant potential of forest restoration practices for local climate miti
gation, a crucial aspect often overlooked in current forest-related 
pledges and policies aimed at addressing global warming. Forest man
agers and decision-makers play a pivotal role, as their choices signifi
cantly influence biodiversity conservation and the functioning of 
ecosystems (Menge et al., 2023), both of which are deeply impacted by 
the climate within the forest canopy (De Frenne et al., 2021).

Our results demonstrate that canopy temperature measured through 
remote sensing can serve as a key functional indicator for monitoring 
ecosystem recovery and the associated increase in ecosystem services, 
thus aiding in assessing the success of nature-based solutions in 
achieving environmental policy objectives (Hua et al., 2022; Sutherland 
et al., 2016). These findings suggest that strict protection and passive 
rewilding can significantly enhance forests’ ecological functions by 
buffering the climate warming rate (Xu et al., 2022), in agreement with 
other recent findings that revealed the greater resilience of strictly 
protected areas to disturbances (Li et al., 2024).

5. Concluding remarks

This study unequivocally demonstrates the paramount importance of 
unmanaged forest sites in the face of accelerating global change, to 
provide fundamental ecosystem functions such as climate mitigation. 
Strictly protected areas demonstrated a greater thermal buffering ca
pacity and reduced vulnerability to temperature extremes. Our findings 
reveal a significant cooling effect at the canopy scale of a Mediterranean 
strictly protected area, with summer maximum temperatures observed 
to be approximately 2 ◦C lower in a naturally recovering forest 
compared to a managed coppice forest. Various environmental and 
biophysical factors influence the modulation of forest surface 
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temperature, providing critical insights for forest management and 
climate change adaptation strategies. Key predictors, including topo
graphical, structural, functional and forest edge effect variables 
exhibited highly significant non-linear effects on FST. Drier conditions 
and shorter canopies consistently led to higher FST, emphasizing the 
critical role of water availability and tall forest structure in maintaining 
cooler thermal regimes. The significant “edge effect” also highlighted a 
localized warming at forest boundaries, likely due to increased exposure 
and reduced buffering capacity.

Mediterranean forests play a vital role in local climate regulation, 
and their capacity to modulate FST is intricately tied to their structural 
complexity and moisture status. The mesoclimatic thermal benefits 
observed in strictly protected areas underscore the importance of 
conservation-oriented forest management in preserving critical thermal 
refugia in Mediterranean environment. These insights are invaluable for 
informing sustainable forest management strategies aimed at enhancing 
ecosystem resilience and mitigating the impacts of rising temperatures 
in a changing climate. Future research should consider incorporating 
detailed temporal analyses to fully capture seasonal and inter-annual 
FST dynamics and investigate the link between microclimate stability 
and biodiversity to inform conservation strategies.
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Kovács, B., Németh, C., Aszalós, R., Veres, K., 2024. Small oases below the canopy: the 
cooling effects of water-filled tree holes on the local microclimate in oak-dominated 
stands. Agric. Meteorol 353, 110058. https://doi.org/10.1016/j. 
agrformet.2024.110058.

Kruskal, W.H., Wallis, W.A., 1952. Use of ranks in one-criterion variance analysis. J. Am. 
Stat. Assoc 47 (260), 583. https://doi.org/10.2307/2280779.

Lang, N., Jetz, W., Schindler, K., Wegner, J.D., 2023. A high-resolution canopy height 
model of the Earth. Nat. Ecol. Evol. 7 (11), 1778–1789. https://doi.org/10.1038/ 
s41559-023-02206-6.

Lehikoinen, P., Tiusanen, M., Santangeli, A., Rajasärkkä, A., Jaatinen, K., Valkama, J., 
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Huang, J., Dušek, J., Liddell, M., Buysse, P., Shi, P., Song, Q., Han, S., Magliulo, V., 
Li, Y., Grace, J., 2020. Forests buffer thermal fluctuation better than non-forests. 
Agric. Meteorol 288–289. https://doi.org/10.1016/j.agrformet.2020.107994.

Lindenmayer, D., Blanchard, W., McBurney, L., Bowd, E., Youngentob, K., Marsh, K., 
Taylor, C., 2022. Stand age related differences in forest microclimate. For. Ecol. 
Manage 510, 120101. https://doi.org/10.1016/J.FORECO.2022.120101.

Lipka, O.N., Andreeva, A.P., Shishkina, T.B., 2023. Protected areas as nature-based 
solutions for climate change adaptation. ECAS 2023, 34. https://doi.org/10.3390/ 
ecas2023-15659.

Lorer, E., Landuyt, D., Blondeel, H., Frenne, P.De, Verheyen, K., 2024. Forest floor 
environment overrules global change treatment effects on understorey communities 

F. Solano et al.                                                                                                                                                                                                                                  Agricultural and Forest Meteorology 375 (2025) 110858 

14 

https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1016/J.ECOLIND.2016.04.018
https://doi.org/10.1111/ecog.03836
https://doi.org/10.1038/s41559-023-02242-2
https://doi.org/10.1111/2041-210X.14476;WGROUP:STRING:PUBLICATION
https://doi.org/10.1111/2041-210X.14476;WGROUP:STRING:PUBLICATION
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1016/j.scitotenv.2021.151338
https://doi.org/10.1111/j.1365-2486.2010.02263.x
https://doi.org/10.1111/j.1365-2486.2010.02263.x
https://doi.org/10.1080/00401706.1964.10490181
https://doi.org/10.1175/BAMS-D-22-0092.1
https://doi.org/10.1111/gcb.17195
http://www.fao.org/forestry
https://doi.org/10.1029/2024AV001188
https://doi.org/10.1029/2024AV001188
https://doi.org/10.1002/ECY.4064
https://doi.org/10.1002/ECY.4064
https://www.science.org
https://doi.org/10.1016/j.rse.2017.03.026
https://doi.org/10.1080/00049158.2007.10675015
https://doi.org/10.1080/00049158.2007.10675015
https://doi.org/10.1080/03610920802187448
https://doi.org/10.1080/03610920802187448
http://refhub.elsevier.com/S0168-1923(25)00477-0/sbref0035
http://refhub.elsevier.com/S0168-1923(25)00477-0/sbref0035
https://doi.org/10.1139/CJFR-2020-0308/SUPPL_FILE/CJFR-2020-0308SUPPLA.XLSX
https://doi.org/10.1139/CJFR-2020-0308/SUPPL_FILE/CJFR-2020-0308SUPPLA.XLSX
https://doi.org/10.1016/j.agrformet.2023.109656
https://doi.org/10.1016/S0034-4257(96)00067-3
https://doi.org/10.1016/S0034-4257(96)00067-3
https://doi.org/10.1016/J.APGEOG.2016.07.004
https://doi.org/10.1016/J.APGEOG.2016.07.004
https://doi.org/10.1016/j.ecoinf.2021.101442
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1111/gcb.14874
https://doi.org/10.1016/j.agrformet.2023.109828
https://doi.org/10.1016/j.biocon.2019.108258
https://doi.org/10.1016/j.biocon.2019.108258
https://doi.org/10.1093/oxfclm/kgad008
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1126/science.adn0543
https://doi.org/10.1126/science.adn0543
https://doi.org/10.1007/S10531-023-02657-0
https://doi.org/10.1007/S10531-023-02657-0
https://doi.org/10.1126/SCIENCE.ABL4649
https://doi.org/10.1088/1748-9326/AC6A6D
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1017/9781009325844.002
https://doi.org/10.1017/9781009325844.002
http://www.iucn.it
https://doi.org/10.1029/2021JG006617
https://doi.org/10.1109/TGRS.2008.2007125
https://doi.org/10.1088/2515-7620/AD7705
http://refhub.elsevier.com/S0168-1923(25)00477-0/sbref0059
http://refhub.elsevier.com/S0168-1923(25)00477-0/sbref0059
https://doi.org/10.1016/j.agrformet.2024.110058
https://doi.org/10.1016/j.agrformet.2024.110058
https://doi.org/10.2307/2280779
https://doi.org/10.1038/s41559-023-02206-6
https://doi.org/10.1038/s41559-023-02206-6
https://doi.org/10.1016/J.BIOCON.2020.108892
https://doi.org/10.1016/J.BIOCON.2020.108892
https://doi.org/10.1038/s41467-024-52693-9
https://doi.org/10.1016/j.agrformet.2020.107994
https://doi.org/10.1016/J.FORECO.2022.120101
https://doi.org/10.3390/ecas2023-15659
https://doi.org/10.3390/ecas2023-15659


in a mesocosm experiment. Glob. Chang. Biol 30 (7). https://doi.org/10.1111/ 
gcb.17443.

Lovari, S., Franceschi, S., Chiatante, G., Fattorini, L., Fattorini, N., Ferretti, F., 2020. 
Climatic changes and the fate of mountain herbivores. Clim. Change 162 (4), 
2319–2337. https://doi.org/10.1007/s10584-020-02801-7.

Mahecha, M.D., Bastos, A., Bohn, F.J., Eisenhauer, N., Feilhauer, H., Hartmann, H., 
Hickler, T., Kalesse-Los, H., Migliavacca, M., Otto, F.E.L., Peng, J., Quaas, J., 
Tegen, I., Weigelt, A., Wendisch, M., Wirth, C., 2022. Biodiversity loss and climate 
extremes — study the feedbacks. Nature 612 (7938), 30–32. https://doi.org/ 
10.1038/d41586-022-04152-y.

Malagnino, A., Courbin, N., Bonnot, N., Garel, M., Marchand, P., Morellet, N., Börger, L., 
Loison, A., 2024. The availability of thermal refuges shapes the thermoregulatory 
behavioural. tactic of a heat-sensitive alpine endotherm species. https://doi.org/ 
10.21203/rs.3.rs-3923795/v1.
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