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C L I M A T O L O G Y

Protected areas provide thermal buffer against  
climate change
Xiyan Xu1*, Anqi Huang2, Elise Belle3, Pieter De Frenne4, Gensuo Jia1*

Climate change is pushing temperatures beyond the thermal tolerance of many species. Whether protected areas 
(PAs) can serve as climate change refugia for biodiversity has not yet been explored. We find that PAs of natural 
(seminatural) vegetation effectively cool the land surface temperature, particularly the daily maximum tempera-
ture in the tropics, and reduce diurnal and seasonal temperature ranges in boreal and temperate regions, as 
compared to nonprotected areas that are often disturbed or converted to various land uses. Moreover, protected 
forests slow the rate of warming more at higher latitudes. The warming rate in protected boreal forests is up to 
20% lower than in their surroundings, which is particularly important for species in the boreal where warming is 
more pronounced. The fact that nonprotected areas with the same type of vegetation as PAs show reduced warming 
buffer capacity highlights the importance of conservation to stabilize the local climate and safeguard biodiversity.

INTRODUCTION
Protected areas (PAs) have long been used for conserving biodiversity 
and maintaining ecosystem services. They can provide relatively 
undisturbed habitats to protect threatened and endangered species. 
Land conservation practices around PAs have shown to effectively 
reduce deforestation (1) and buffer rapid agricultural and urban 
expansion (2). Without legal protection, natural vegetation in non-
protected areas (NPAs) is often disturbed or converted to various 
forms of land use, which constitutes the major threat to biodiversity 
(3). Land disturbance and conversion not only result in habitat and 
biodiversity loss but also affect Earth’s climate (4, 5) and increase the 
occurrence of climate extremes (6). Climate change and increased 
occurrences of climate extremes, particularly hot episodes, are pushing 
a growing number of animal and plant species toward local extinc-
tion when temperatures exceed their thermal tolerance limits (7, 8).

PAs play a key role in the sequestration and storage of carbon 
from the atmosphere into ecosystems and provide refuges for threat-
ened species and are recognized as nature-based solutions to climate 
change adaption and mitigation (9–11). The aim of nature climate 
solutions to stabilize climate warming at the global scale is to make 
use of the characteristics of healthy ecosystems to increase carbon 
storage and cut greenhouse gas emissions while also enhancing bio-
diversity (12, 13). Globally, more than 16% of the land area is cur-
rently protected, and this stores between 12 and 16% of land carbon 
stocks (14, 15). Land-use change in these PAs, especially in forests, 
can have substantial effects on the global mean temperature, not 
only via enhanced greenhouse effects but also via nonlocal biogeo-
physical climate feedbacks. These nonlocal effects on global mean 
temperature can be substantial (16, 17).

However, biodiversity and its response to climate change are 
largely determined by microclimate that is modulated by local habi-
tats and landscape features at the local scale (18–20). The modified 
landscapes have complex impacts on the local land surface and air 

temperatures through altered evapotranspiration (ET), surface albedo, 
and aerodynamic resistances (21–23). Land conversion from natural 
vegetation to croplands, which has been shown to have a net warm-
ing effect in the tropics, may have a neutral or net cooling effect in 
northern latitudes (24). However, the potential of PAs to maintain 
microclimate at local scales and buffer habitats from anthropogenic 
climate change has, so far, not been explored globally.

Here, we quantify the effects of terrestrial PAs on thermal habi-
tats at the local scale across five major biomes, i.e., boreal (evergreen 
needleleaf), temperate (deciduous broadleaf), and tropical (evergreen 
broadleaf) forests; grasslands; and savannas. According to the 2018 
World Database on Protected Areas (WDPA) (25) and Moderate 
Resolution Imaging Spectroradiometer (MODIS) land cover classi-
fication of 2018 (26), these five biomes account for about 63% of the 
global PA network and 79% of the terrestrial PAs with natural or 
seminatural vegetation (Fig. 1A and table S1). Species richness and 
abundances are often much higher inside PAs than that outside for 
many species (27), although the effectiveness of management in PAs 
can be compromised by external pressures and inadequate govern-
ment support in some regions (10). Biological communities within 
PAs are assumed to be sustainably managed toward long-term con-
servation aims, and their conditions are considered to be optimal 
under the current climate state. NPAs of the same natural or semi-
natural vegetation and climate as nearby PAs are expected to expe-
rience more pressures than PAs. Our results demonstrate that PAs 
tend to have larger leaf area index (LAI) values than the NPAs, 
characterizing higher amount of foliage in the canopy that drives 
physiological and biophysical processes (fig. S1).

We use MODIS 8-day Aqua land surface temperature (LST) data-
set (MYD11A2 version 6) (28) at 1-km spatial resolution to quanti-
fy the LST modulated by PAs. The overpass time of Aqua is around 
1:30 p.m. and 1:30 a.m. local time, which approximates the times of 
daily maximum and minimum temperatures, respectively. The daily 
means and ranges of LST are calculated as the mean and difference 
of the daily maximum and minimum LST, respectively. The seasonal 
variations of LST are calculated as the difference of LST in local 
summer and local winter. Furthermore, temporal trends of the 
annual mean LST and air temperature are analyzed for each biome 
with different PA coverage to explore whether PAs can buffer the 
warming trend of temperatures.
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RESULTS
PAs buffer thermal environment
PAs show a higher probability of cooler daily maximum and warmer 
daily minimum temperatures than NPAs with the same biome (fig. S2) 
and croplands inferring a full conversion of land cover (fig. S3). More 
than 95 and 60% of protected forests show lower daily maximum 
temperatures than croplands and NPAs, respectively. Daily maximum 
LST of protected boreal, temperate, and tropical forests is 1.31° ± 0.02°C 
(means ± SEM), 2.24° ± 0.03°C, and 4.71° ± 0.06°C lower than that 
of croplands, respectively, and 0.16° ± 0.01°C, 0.57° ± 0.02°C, and 
0.49° ± 0.01°C lower than that of NPAs, respectively.

PAs maintain a lower daily mean LST compared to croplands 
and NPAs in all biomes due to the dominant cooling effects on the 
daily maximum temperature (Fig. 2, A and B). Daily mean LST of 
protected boreal, temperate, and tropical forests is 0.22° ± 0.02°C, 
0.72° ± 0.02°C, and 2.53° ± 0.03°C lower than that of croplands, 
respectively. The cooling contribution of protected relative to non-
protected forests to daily mean LST is less pronounced and shows 
larger spatial heterogeneity than that relative to croplands (Fig. 2B). 
This is because disturbances in NPAs tend to be lower and more 
heterogeneous in comparison to thorough conversion to croplands. 
Nevertheless, the cooling contribution of protected relative to non-
protected forests to daily mean LST follows the same latitudinal 
gradient as compared to land conversion, being higher in tropical 

forests (LST = −0.32° ± 0.01°C) than temperate forests (−0.29° ± 
0.01°C) and negligible in boreal forests (−0.05° ± 0.01°C). Compared 
to forests, the cooling effects of protected savannas and grasslands 
are more spatially variable. The LST of protected grasslands is 
0.32° ± 0.01°C lower than that of nonprotected grasslands and 
0.19° ± 0.02°C lower than that of croplands. The LST of protected 
savannas is 0.29°  ±  0.01°C and 1.26°  ±  0.02°C lower than that of 
nonprotected savannas and croplands, respectively.

PAs buffer the daily range of LST because land conversion and 
disturbances cause asymmetric daytime maximum and nighttime 
minimum LST changes (Figs. 2, C and D, and 3, A and B). The 
mean daily ranges of LST are relatively low in forests and high in 
grasslands (fig. S4A). PAs show consistently lower daily ranges of 
LST than surrounding croplands throughout the year. This is due to 
the fact that the magnitude of LST changes in response to land con-
version and disturbance is higher during daytime than nighttime 
(figs. S2 and S3). Land conversion from PAs to croplands can lead 
to an increased latitudinal gradient of daily ranges of LST, with the 
largest increase in daily range of LST being found in tropical forests 
(4.43° ± 0.06°C), followed by temperate forests (3.05° ± 0.03°C), 
savannas (2.24° ± 0.03°C), boreal forests (2.16° ± 0.03°C), and 
grasslands (1.26° ± 0.03°C).

The increase in daily range of LST in response to land conver-
sion in temperate and boreal regions is due to daytime positive and 

Fig. 1. PAs by land cover type. (A) WDPA, October 2018 release, classified with MODIS land cover classification as of 2018 for boreal, temperate, and tropical forests; 
savannas; and grasslands. (B) Example of land cover classification for protected tropical forests in light green, nonprotected tropical forests in dark green, and croplands 
in yellow, at 1-km resolution in a 0.25° window in Brazil (57.32°E, 13.55°S). (C) Example of LANDSAT-8 false-color composite of band 5 (near infrared), 4 (red), and 3 (green) 
at 30-m resolution for a 0.25° window. (D) Example of LANDSAT-8 instantaneous LST at 1:51 p.m. local time in a 0.25° window retrieved from band 10 (thermal infrared) 
at 100-m resolution. The sites where daily mean (mean), maximum (max), and minimum (min) air temperatures were measured within and outside forest canopies are 
shown in (A). The polygons in (B) to (D) denote PA boundaries.
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Fig. 2. Influence of PAs on LST. (A) Mean LST difference between PAs and croplands (LSTPA − LSTCRO) and (B) between PAs and NPAs with the same vegetation type 
(LSTPA − LSTNPA). (C) Annual cycle of the daily mean (M), daytime (D), nighttime (N), and daily range (R) of LST difference between PAs and croplands and (D) between PAs 
and NPAs for boreal (ENF), temperate (DBF), and tropical (EBF) forests; grasslands (GRA); and savannas (SAV).

Fig. 3. Influence of PAs on daily range and seasonal variation of LST compared to croplands. (A) Daily range difference of LST between PAs and croplands; (B) daytime, 
nighttime, daily mean, and range of LST difference between PAs and croplands; (C) seasonal variation difference of LST between PAs and croplands; and (D) local seasonal 
LST difference between PAs and croplands for boreal (ENF), temperate (DBF), and tropical (EBF) forests; grasslands (GRA); and savannas (SAV). The differences in daily 
mean air temperatures between the ground measurements within forest canopies and above open land for ENF, DBF, and EBF are shown in (B). The seasonal variation of 
LST in (C) is calculated as the LST in boreal summer (JJA) minus the LST in boreal winter (DJF). The local seasons in (D) are spring for MAM and SON, summer for JJA and 
DJF, autumn for JJA and DJF, and winter for DJF and JJA, for the Northern and Southern Hemispheres, respectively. The red crosses in (D) denote the seasonal variations 
of LST by subtracting the LST in local winter from the LST in local summer.
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nighttime negative change of LST. Protected boreal and temperate 
forests and grasslands tend to cool the land surface during daytime 
and warm it during nighttime. Protected biomes show lower daily 
ranges of LST than nonprotected biomes on average, although the 
daily ranges of LST show high spatial heterogeneity (Figs. 2D and 
4, A and B). Disturbances lead to the highest increase in daily range 
of LST in temperate forests (−0.55° ± 0.02°C) and grasslands (−0.77° ± 
0.02°C). Furthermore, contrasting daily temperature ranges modi-
fied by land conversion and disturbance are higher in the warm season 
than in the cold season, in both temperate and boreal regions.

PAs moderate seasonal variation of thermal environment
PAs maintain a stable seasonal LST variation, while land disturbance 
and conversion result in asymmetric seasonal LST changes and in-
crease the seasonal variation of LST (Fig. 3, C and D). The LST 
difference between the boreal summer [June to August (JJA)] and 
winter [December to February (DJF)] shows an opposite seasonal 
variation in the Northern and Southern Hemispheres, and the mag-
nitude of seasonal LST variation increases from the tropics to high 
latitudes (fig. S4B). Land disturbance and conversion lead to a dif-
ferent LST change in the warm season (stronger warming) compared 
to the cold season (weaker warming or cooling) for boreal and tem-
perate regions where the seasonal temperature variation is naturally 
high (Fig. 2, C and D). Protected temperate and boreal biomes cool 
the land surface in the local summer (JJA for the boreal summer and 
DJF for the austral summer) and warm the land surface in the local 
winter, thereby reducing the seasonal temperature variations com-
pared to croplands. By contrast, land conversion to croplands results 
in increased LST variation between local summer and winter by 
1.88° ± 0.02°, 1.68° ± 0.02°, and 0.62° ± 0.02°C in temperate forests, 
boreal forests, and grasslands, respectively (Fig. 3, C and D). PAs 

also show lower seasonal variation of LST than NPAs, particularly in 
temperate forests (−0.14° ± 0.01°C) and grasslands (−0.37° ± 0.01°C), 
although the difference is less pronounced than that compared to 
croplands (Fig. 4, B and D).

Land conversion has relatively consistent impacts on the LST 
throughout the seasons in tropical forests and savannas, only leading 
to slightly increased seasonal LST variation between local summer 
and winter. This is because the seasonality of tropical and subtropical 
regions is characterized by the seasonal rainfall cycle exhibiting wet 
and dry seasons rather than contrasting cold and warm seasons. The 
protected tropical forests and savannas, however, show a greater 
cooling effect in the dry season than in the wet season. In savannas, 
where the wet and dry season contrast is more evident, the cooling 
effect of protected savannas in the dry season is about 0.16°C greater 
than that in the wet season.

PAs stabilize climate warming
PAs also stabilize local climate warming. The increase in annual 
mean LST and 2-m air temperature (Ta) between 2003 and 2018 in 
areas with high PA coverage is lower than in areas with low PA 
coverage (Fig. 5). For all biomes, the warming rates in PAs are lower 
than in their surrounding regions, suggesting that PAs buffer land 
surface warming over time. The mean warming rate in protected 
boreal forests is up to 20% lower than the warming rate in their 
surrounding regions. Meanwhile, the intensity of warming decreases 
with increased coverage of PAs, thereby suggesting that the buffering 
effect of PAs on annual mean temperature is beyond areas of con-
servation. This buffering effect is strongest in boreal and temperate 
forests where climate warming is more pronounced (Fig. 5, A and B). 
For each 10% increase in PA coverage, the land surface warming is 
slowed down by about 0.044° ± 0.008°C per decade in boreal forests, 

Fig. 4. Influence of PAs on daily range and seasonal variation of LST compared to NPAs. (A) Daily range difference of LST between PAs and NPAs; (B) daytime, night-
time, daily mean, and range of LST difference between PAs and NPAs for different biomes; (C) seasonal variation difference of LST between PAs and NPAs; and (D) local 
seasonal LST difference between PAs and NPAs for boreal (ENF), temperate (DBF), and tropical (EBF) forests; grasslands (GRA); and savannas (SAV). The seasonal variation 
of LST in (C) is calculated as the LST in boreal summer (JJA) minus the LST in boreal winter (DJF). The local seasons in (D) are defined as spring for MAM and SON, summer 
for JJA and DJF, autumn for JJA and DJF, and winter for DJF and JJA, for the Northern and Southern Hemispheres, respectively. The red crosses in (D) denote the seasonal 
variations of LST by subtracting the LST in local winter from the LST in local summer.
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0.052° ± 0.003°C per decade in temperate forests, 0.015° ± 0.005°C 
per decade in tropical forests, 0.030° ± 0.009°C per decade in grasslands, 
and 0.0018° ± 0.005°C per decade in savannas. The slower land sur-
face warming in areas of high PA coverage is significant across the 
five biomes (P < 0.05).

As climate change is often measured with surface air temperature, 
we also assessed the warming of air temperatures in relation to PA 
coverage. The buffering effect of PAs on air temperatures across biomes 
resembles that of LST, with the most notable effects in boreal 
(−0.041° ± 0.001°C per decade) and temperate forests (−0.018° ± 
0.001°C per decade), followed by grasslands and savannas, and the 
lowest in tropical forests. However, the buffering effect of PAs on 
air temperatures is lower than that on LST. Moreover, the annual 
mean air temperature is much higher than the LST observed from 

satellite measurements in forests (fig. S5, A to C). The buffering 
effects of PAs on air temperature, which are less pronounced than 
that on the LST, indicate the enhanced buffering effects of increased 
coverage of PAs on the macroclimate because air temperatures were 
synthesized from standard weather stations, which are mostly situ-
ated outside forest canopies (29, 30). Although the air temperatures 
in the reanalysis dataset with a coarse resolution are insensitive to 
surface processes associated with land surface heterogeneity (31), they 
show the buffering effects of PAs propagated to the regional scale 
through land-atmosphere interactions. The buffering effects on LST 
include the combined buffering effects of PAs on both macroclimates 
and microclimates because LSTs were observed from continuous 
satellite measurements passing above both open land and natural 
vegetation.

Fig. 5. Warming rates over the 2003–2018 time period according to PA coverage. Warming rate (degrees Celsius per decade) of annual mean 2-m air temperature 
(Ta) and LST in 0.25° gridcells and warming rate of LST in PAs only (PA LST) for (A) boreal (ENF), (B) temperate (DBF), and (C) tropical (EBF) forests; (D) grasslands (GRA); and 
(E) savannas (SAV). The warming rate is the mean slope of linear regression of annual mean Ta and LST in each 0.25° gridcell during the 2003–2018 time period. The error 
bars in black are the SEM warming rate for each category of PA coverage.
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DISCUSSION
In this study, we use the daily maximum and minimum LST to evaluate 
the thermal buffering capacity of global PAs. The daily maximum 
LST measures the canopy temperatures in vegetated areas around 
noon, when shortwave radiation penetrates deep into the vegetation 
canopy, indicating the critical temperature-dependent physiolog-
ical processes and associated energy fluxes occurring within the 
vege tation canopy (32). MODIS LST has been developed using the 
constraints of MODIS Cloud Mask data product and is thus only 
avail able under clear-sky conditions. The clear-sky LST can better 
represent the high and low temperature limits that determine the 
physiological tolerance of species (33), although it could amplify the 
mean temperature effects compared to all-sky conditions because 
clouds cool daytime and warm nighttime LSTs. The mean differ-
ence in daily mean, daytime, and nighttime LST between PAs and 
croplands is consistent with the daily mean, maximum, and minimum 
air temperature differences from 714 paired measurements within 
and outside forest canopies for boreal, temperate, and tropical forests 
(slope = 1.29, R2 = 0.86) (figs. S6 and S7).

Protected forests can effectively cool the land surface. The latitu-
dinal gradient of the cooling effects of protected forests on LST, i.e., 
decreasing cooling effects from the tropics to the poles, is similar to 
the spatial pattern of cooling effects of forest cover on land surface 
(21). This spatial pattern is also supported by ground observations 
of air temperatures measured within and outside forest canopies, 
indicating that the below-canopy microclimate is buffered by tree 
canopies. The buffering effect of forests on subcanopy microclimate 
tends to be greater than the magnitude inferred from LST that rep-
resents the temperature at the top of the canopy. Subcanopy air tem-
peratures are even lower, most likely because of the shading and light 
interception of the canopy structure (20). However, the effect is much 
stronger than the mean effect of forests (protected and nonpro-
tected) on LSTs compared to open land (grasslands and croplands). 
The cooling effects are high in tropical and temperate forests, where 
deforestation nevertheless results in a net warming impact on land 
surface and air temperature (22). Protected tropical forests and 
savannas, which are about 2.53° and 1.26°C cooler than nearby crop-
lands, respectively, are key to prevent biodiversity loss because of the 
greater extinction risks in the tropics due to the combined effect of 
climate change, land-use change, and forest disturbance (34, 35).

Protected tropical forests cool the land surface more efficiently 
during the day than the night, which substantially reduces the daily 
variation of LST. Most tropical species have evolved to live within a nar-
row temperature range with low physiological thermal-safety margin 
(36) and are very sensitive to thermal range changes (37). Rising max-
imum temperatures due to land conversion and disturbance in par-
ticular can often lead to temperatures exceeding the thermal limits 
of species. A maximum temperature increase of 2.86°C is predicted 
to drive more than 35% of species to local extinction, even if some 
species can disperse and shift their climatic niches in response to the 
warming (7). Increase in the mean maximum temperature due to land 
conversion can also be catastrophic for some species. In particular, 
tropical species, despite having the highest thermal tolerance limits, 
are experiencing habitat temperatures near their thermal limits be-
cause of their nonlinear metabolic response to warming (38). Species 
in tropical forests are therefore likely to be more vulnerable to warm-
ing than species found in temperate and boreal forests, even if mean 
tropical warming rates are less pronounced. PAs in these habitats 
can provide key thermal refugia from episodes of extreme heat.

The thermal buffer of boreal forests is less pronounced and more 
variable than that of temperate and tropical forests. This could con-
stitute a limit to the nature climate solution of afforestation and re-
forestation at high latitudes (39). As we have shown, the low cooling 
effect results from the influences of forests on temperature offset be-
tween daytime and nighttime and between summer and winter. Despite 
this relatively low potential to reduce mean temperatures, conservation 
of temperate and boreal forests tends to reduce the daily and seasonal 
maximum temperatures and increase the minimum tem peratures, which 
can contribute to keeping temperatures within the critical thermal limits 
of temperate and boreal species. As cold tolerance limits of many ecto-
thermic species decline with latitude (40), the buffering effect provided 
by PAs in temperate and boreal regions can provide important refugia 
for these species during nighttime and the cold season. Meanwhile, the 
heat tolerance limits and acclimation capacity of plant species that de-
veloped as a result of biogeographical processes are low in the mid-to-
high latitudes (41). PAs can provide shaded habitats for these plant 
species during daytime and the warm season, thereby regulating biotic 
responses to macroclimate warming (19).

We have shown that NPAs with the same natural vegetation as 
PAs have a reduced capability of cooling land surface and of sustain-
ing suitable diurnal and seasonal temperature ranges. This is partic-
ularly pronounced in temperate forests and grasslands, in which 
about 70% of the NPAs have shown reduced capability in buffering 
the daily maximum temperature and diurnal temperature range. Tem-
perate biomes have long been disturbed by intensive human activities 
and typically exhibit a large number of small isolated patches in the 
populated regions of East Asia, Europe, and the United States (Fig. 4), 
where disturbances have altered the microclimate to a greater extent 
than that of other biomes (42). Habitat fragmentation also reduces the 
climate connectivity that normally allows organisms to shift their dis-
tributions in response to climate change (43, 44). In this context, PAs 
often provide the last refugia for many species threatened of local ex-
tinction in temperate forests and grasslands.

The buffering effect of PAs on increased temperatures therefore 
stabilizes the impacts of climate change at the global level. It is 
generally recognized that nature conservation contributes to global 
climate targets by preventing carbon emission from land-use change 
and by enhancing carbon removal from the atmosphere (12, 14). 
Here, we show that the effectiveness of PAs in stabilizing the local 
climate cannot be ignored. The stabilized climate in regions of high 
PA coverage is particularly important for providing climate change 
refugia and protecting species and communities from the negative 
impacts of climate change (45), whereas land-use change and dis-
turbances result in greater warming that modifies habitats and threatens 
species. The buffering effects of PAs along a latitudinal gradient, i.e., 
stronger buffering at higher latitudes, are particularly important for 
species and communities at higher latitudes, where climate warm-
ing is more pronounced than that at lower latitudes.

The buffering effects of PAs on local microclimate are mainly 
achieved through the moderation of energy budgets by natural in-
tact vegetation. Natural and seminatural vegetation, particularly for-
ests, have much higher ET and surface roughness due to dense and 
tall canopies than croplands, where the land surface is cooled down 
by turbulent heat loss (32). By contrast, forests have lower albedo 
than croplands and thus absorb more shortwave radiations and 
warm the land surface (fig. S8A). As a result, the net effect of nat-
ural vegetation on LST is largely dependent on the trade-off be-
tween albedo and turbulent heat change due to land conversion. 
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The albedo and turbulent heat differences between natural vege-
tation and crop lands vary between the day and night and among 
the seasons and latitudes (21). Croplands are often irrigated and 
harvested seasonally, which creates asymmetric diurnal and sea-
sonal impacts on temper atures (46) and can explain the differences in 
daily range and seasonal variation of LST change among biomes.

We find higher LAI in PAs than NPAs, which results in lower 
aerodynamic resistance and enhances turbulent heat transfer from 
the land surface to the atmosphere, thereby cooling the land surface 
(47) in temperate forests, tropical forests, grasslands, and savannas 
(fig. S8B). The cooling effect of land cover with higher LAI through 
aerodynamic resistance plays a major role in cooling the land sur-
face compared to other biophysical effects (48). In boreal regions, 
magnified snow-albedo feedback offsets the loss of turbulent fluxes 
after land conversion from forests to open land. In the winter, 
boreal forests have a much lower albedo than open land with 
snow cover, which leads to warmer surfaces than that of open land 
(22, 49). In this study, we find very low differences in the LST and 
energy components between protected and nonprotected boreal 
forests because the LAI disturbance signal was unclear (LAI = 
−0.018). In boreal regions, human impacts on forests are much lower 
compared to temporary natural disturbance, e.g., wildfire (50), 
which therefore results in minor difference between protected and 
nonprotected forests.

Although our results demonstrate the great values of conserva-
tion in buffering thermal environment for biodiversity, a number of 
potential caveats in the analysis may lead to biases. Local climates 
are assessed with satellite-derived LST data at 1-km spatial resolu-
tion. This resolution can well represent the heterogeneous thermal 
habitats at the scale of conservation area of many biological com-
munities and ecosystems (51); however, the influence of potential 
confounding factors at finer scales (e.g., slope, aspect, and canopy 
morphology) on thermal habitats (52, 53) is not fully considered. 
Furthermore, the methodology applied in this study is based on the 
space-for-time assumption, which is demonstrated to be useful to 
evaluate the thermal habitat buffered by conservation at a local scale. 
Because of the complex interactions between land-based climate miti-
gation options and global biodiversity (54), investigations of full 
climate mitigation potential including biophysical and biochemical 
effects of land use and management at local and regional scales are 
encouraged.

To conclude, PAs effectively buffer LSTs and reduce their daily 
range and seasonal variation compared to neighboring NPAs and 
croplands, where macroclimate change and disturbances threaten 
natural habitats and biodiversity. PAs buffer climate change by 
slowing down the land surface and atmospheric warming along a 
latitudinal gradient, which is particularly important for species and 
communities at higher latitudes, where climate warming is more 
pronounced. NPAs with the same vegetation type as PAs show re-
duced buffering capacity. PAs are thus key to provide species with 
important climate change refugia by maintaining the upper and 
lower thermal limits of species.

MATERIALS AND METHODS
Identification of PAs, NPAs, and croplands
The WDPA is a joint project between the United Nations Environment 
Programme (UNEP) and the International Union for Conservation 
of Nature, managed by the UNEP World Conservation Monitoring 

Centre. It is the most comprehensive global database of marine and 
terrestrial PAs. The October 2018 release of the WDPA was used in 
this study to identify PAs (25). We converted the WDPA vector data 
into raster at 0.01° resolution and then identified the pixels with 100% 
coverage of PAs as “pure pixels” of PAs. The 0.01° PAs were then 
overlaid with MODIS land cover classification data (MCD12Q1 
version 6) of 2018 at 0.01° (26) to identify five major biomes, i.e., 
boreal forests [evergreen needleleaf forests (ENF)], temperate for-
ests [deciduous broadleaf forests (DBF)], tropical forests [evergreen 
broadleaf forests (EBF)], savannas (SAV), and grasslands (GRA). The 
savanna classified here is the combination of woody savanna and 
savanna in the original MODIS International Geosphere-Biosphere 
Programme classification. These five biomes—i.e., ENF, DBF, EBF, 
GRA, and SAV—are zonal vegetation and account for about 79% of 
the terrestrial PAs. The five biomes were further screened with the 
following latitudinal limits, i.e., boreal forests within 50°N to 70°N 
of boreal region, temperate forest within 25°N to 50°N of temperate 
region, tropical forests within 25°S to 25°N of tropical region, savannas 
within 30°S to 15°N of tropical region, and grasslands within 30°N(S) 
to 55°N(S) of temperate region.

We then identified NPA and cropland (CRO) pixels completely 
outside PAs as pure pixels of NPA and CRO with MCD12Q1 at 0.01° 
resolution for the five biomes within a 0.25° window. NPAs were 
only identified for the same natural and seminatural biome as PAs 
in the same 0.25° window. To reduce systematic biases that may be 
caused by elevation difference in the same window, we excluded the 
windows in which the elevation difference between PAs and NPAs 
and between PAs and CRO was greater than 500 m (±500 m). The 
global 1-km resolution land surface digital elevation model (DEM) 
derived from the U.S. Geological Survey 30–arc sec SRTM30 gridded 
DEM data created from the NASA Shuttle Radar Topography Mission 
(SRTM) (55) was used. We assumed that the background climate 
for paired PAs and NPAs and paired PAs and CROs was similar in 
each 0.25° window with an elevation difference within 500 m. Pro-
tected biomes were assumed to be at their optimal condition under 
the current climate state. Nonprotected biomes, however, were 
assumed to be exposed to more natural and human pressures than 
protected biomes with the same background climate and climate 
variability. We calculated the 5-year (2014–2018) LAI difference 
between the PAs and NPAs within the same 0.25° window to evalu-
ate the vegetation condition between PAs and NPAs with MODIS 
LAI dataset (MOD15A2H v006) (56) of 500-m spatial resolution and 
8-day temporal resolution, which is resampled to 1-km spatial reso-
lution. Croplands represented areas having experienced a full 
anthropogenic land conversion from natural vegetation to crops 
under the same background climate. Therefore, the temperature 
difference between PAs and NPAs and between PAs and CRO of 
0.01° gridcells in the same 0.25° window either indicates the thermal 
difference of different land covers or is assumed to be the results of 
disturbance to the NPA or land conversion to CRO. It is noteworthy 
that the 0.01° grids used to calculate the temperatures are different 
for the comparison between PA and NPA and between PA and 
CRO because it depends on the NPA or CRO availability within a 0.25° 
window. Although some PAs tend to be located in remote areas 
where anthropogenic pressures on nature are expected to be low even 
without legal protection (57), this screening with 0.25° window re-
stricted the comparison between PAs and NPAs (or croplands) with 
similar natural geographic features. The total number of 0.25° 
windows for PA-NPA and PA-CRO pairs is provided in table S2.
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As an example, we chose to display a 0.25° window from south-
ern Amazon to show the land cover distribution of PA, NPA, and 
CRO with a 0.01° MCD12Q1 gridcell according to the identification 
processes described above (Fig. 1B). The location of the 0.01° PA 
gridcell in this 0.25° window is around 57.32°E, 13.55°S. The 
LANDSAT-8 false-color composite of band 5 (near infrared), 4 (red), 
and 3 (green) of 30-m resolution for this 0.25° window on 3 August 
2019 is shown in Fig. 1C, in which the dark red color denotes the 
coverage of natural intact vegetation, while farmland blocks and 
infrastructures are visible within the NPAs despite high cover-
age of natural or seminatural vegetation. Furthermore, we found 
forest fragmentation within PAs, especially near the western and 
southern borders (Fig. 1C), indicating disturbance of the PAs. 
Disturbances are indeed expected to occur when PA management 
is poor (10). These pixels with forest fragmentation were excluded 
in our analysis because they were not identified as pure pixels as 
defined above.

LST (of LANDSAT-8 collection-2 level-2) (58) at 1:51 p.m. local 
time in the 0.25° window retrieved from the LANDSAT-8 band 10 
(thermal infrared sensor) of 100-m resolution on 3 August 2019 for 
the sample window is provided in Fig. 1D. This instantaneous 
LANDSAT LST corresponds to a clear-day daily maximum surface 
temperature for which the contrast between the different land covers 
is evident. The daily maximum LST measures the canopy tempera-
tures in vegetated areas around noon, when shortwave radiations 
penetrate deep into the vegetation canopy, indicating the critical 
temperature-dependent physiological processes and associated 
energy fluxes occurring within the vegetation canopy (32). In the 
vegetated areas, especially when the canopy is dense, the LST usually 
corresponds to the temperature at the top of the canopy rather than 
at the ground surface (59). The annual mean spatial distribution of 
albedo and ET in 0.25° windows over the 2014–2018 time period 
were plotted to show the albedo and ET heterogeneity related to the 
land cover of PA, NPA, and CRO. The albedo was resampled to 1-km 
resolution with MCD43A3 version 6 dataset (60) of 500-m spatial 
and daily temporal resolution, and the ET was resampled to 1-km 
resolution with MOD16A2 version 6 dataset (61) of 500-m spatial 
and 8-day temporal resolution.

Influence of PAs on LST
We used MODIS Aqua LST (MYD11A2 version 6) (28) at 1-km spa-
tial resolution to quantify the local surface temperature modulated 
by PAs. MYD11A2 is an 8-day average of the daily 1–km–spatial 
resolution LST product (MYD11A1), of which cloud-contaminated 
LSTs were removed by using the constraints of MODIS Cloud Mask 
data product. Therefore, we only used LST with “mandatory QA flags” 
of 0 or 1, indicating that the LST was not affected by cloud. We 
further excluded the LST with an average error greater than 2K ac-
cording to “LST error flags” to reduce bias caused by data quality. 
The overpass time of Aqua is around 1:30 p.m. and 1:30 a.m. local 
time and approximates the times of daily maximum and minimum 
temperatures, respectively. We first averaged the LST from 8 days to 
a monthly scale and then calculated a 5-year (2014–2018) monthly 
mean of LST to analyze the LST difference between PAs and NPAs 
(or CRO). In the same 0.25° window, we evaluated the LST between 
PAs and nearby NPAs of the same biome and between PAs and nearby 
croplands (CRO) as

  LST =  LST  PA   −  LST  NPA (or CRO)    (1)

where LSTPA, LSTNPA, and LSTCRO are the 5-year monthly mean LST 
in the same 0.25° window for PAs, NPAs, and croplands, respec-
tively. Negative values thus reflect cooler temperatures in PAs.

The LST values at 1:30 p.m. and 1:30 a.m. local time were used 
to represent the daytime LST (D) and nighttime LST (N), respec-
tively. The differences in daily mean LST between PAs and NPAs 
(or CRO), LST (M), were calculated as the mean of D and N. The 
differences in daily range of LST between PAs and NPAs (or CRO), 
LST (R), were calculated as the difference between D and N (D − N). 
We calculated the monthly and seasonal difference in LST to eval-
uate the impact of land conversion to croplands on temperatures at 
the seasonal scale for boreal spring [March to May (MAM)], summer 
(JJA), autumn [September to November (SON)], and winter (DJF). 
Among the five biomes we analyzed, only grasslands and savannas 
are distributed in both the Southern and Northern Hemispheres. 
Therefore, we calculated the LST difference for these biomes between 
local summer and local winter to identify the influence of PAs on 
seasonal variation and how it is modified by disturbance and land 
conversion. The local summer is JJA in the Northern Hemisphere 
and DJF in the Southern Hemisphere, while the local winter is DJF 
in the Northern Hemisphere and JJA in the Southern Hemisphere. 
Probability frequency distributions of the daytime, nighttime, daily 
mean, daily range, and seasonal variation of LST differences between 
PAs and NPAs (or CRO) for each biome were analyzed. We also 
calculated the mean daytime, nighttime, daily range, and seasonal 
variation in LST difference between PAs and NPAs (or CRO) for 
each biome by averaging all 0.25° windows with the same biome, 
which were expressed as means ± SEM. We repeated the calculation 
of differences in daytime, nighttime, daily mean, daily range, and 
seasonal variation of LST between PAs and CRO with 0.5° searching 
window to evaluate the sensitivities of the results to window size. The 
differences in daytime, nighttime, daily mean, daily range, and seasonal 
variation of LST between PAs and CRO were consistent between 
0.25° and 0.5° windows (regression slope = 1.01, R2 = 1.00) (fig. S9).

Air temperatures, typically measured at standard weather stations 
in open lands outside forests, are often used to assess the climate 
change. However, the air temperatures cannot accurately represent 
the microclimates buffered by canopies of natural or seminatural 
vegetation (29). A synthesis of 308 pairs of daily mean, 198 pairs of 
daily maximum, and 208 pairs of daily minimum air temperatures 
measured within forest canopies and at neighboring ambient weather 
stations were used to evaluate the effects of forest canopy on air tem-
peratures (29). The distribution of measurement sites is displayed 
in Fig. 1A. The measurements of the maximum, minimum, and mean 
air temperatures were divided into three forest biomes, i.e., boreal, 
temperate, and tropical forests, according to their latitude as de-
scribed above (table S2). Probability frequency distributions of the 
daily mean, maximum, and minimum air temperature differences 
within and outside of forest canopies were analyzed.

Influence of PAs on land surface energy budget
The land surface energy balance is expressed as

  (1 − ) SW   ↓     +  LW   ↓     −  LW   ↑     = H + LE + G  (2)

where SW↓, LW↓, LW↑ are downward shortwave radiation, down-
ward longwave radiation, and upward longwave radiation, respec-
tively;  is surface albedo; therefore, (1 − )SW↓ is the net shortwave 
radiation at land surface; H, LE, and G are the latent, sensible, and 
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soil heat fluxes, respectively. We neglected the ground heat flux in 
this study. The land surface heterogeneity has been shown to modify 
the surface albedo, ET, and aerodynamic resistances, among others 
(21–23). These modifications determine the difference in LST be-
tween PAs, NPAs, and croplands. Here, we compared the net short-
wave radiation, net longwave radiation, latent heat, and sensible heat 
in Eq. 2 in PAs with that in NPAs to evaluate how disturbances modify 
energy budgets through biophysical processes, thereby leading to 
LST difference between PAs and NPAs.

The MODIS albedo dataset (MCD43A3 version 6) (60) was used 
to quantify the albedo difference between PAs and NPAs (or CRO). 
MCD43A3 is produced daily using 16-day Terra and Aqua MODIS 
data at 500-m spatial resolution. MCD43A3 provides black-sky al-
bedo (directional hemispherical reflectance) and white-sky albedo 
(bihemispherical reflectance) for each of the MODIS surface reflec-
tance bands. Actual clear-sky albedo (blue-sky albedo) is calculated 
as the mean of black-sky and white-sky albedo because of their small 
differences and high correlation (21). The daily albedo data were 
further aggregated to 5-year monthly means and resampled to 0.01° 
spatial resolution to match the resolution of PA and NPA.

We used the MODIS ET and latent heat flux product (MOD16A2 
version 6) (61) of 8-day temporal resolution and 500-m spatial reso-
lution from 2014 to 2018 to quantify the latent heat difference be-
tween PAs and NPAs. MOD16A2 collection is derived on the basis 
of the logic of the Penman-Monteith equation by using daily meteo-
rological reanalysis data with MODIS vegetation property dynamics, 
albedo, and land cover. We resampled MOD16A2 from 500-m to 
0.01° spatial resolution to match the resolution of PA and NPA using 
bilinear interpolation.

The latent heat difference (ΔLE) and albedo difference (ΔAlbedo) 
between PAs and NPAs were calculated as

  LE =  LE  PA   −  LE  NPA    (3)

  Albedo =  Albedo  PA   –  Albedo  NPA    (4)

ΔLE values were calculated with MODIS ET and latent heat flux 
product (MOD16A2 V6). ΔAlbedo was calculated from Eq. 3 with 
MODIS Bidirectional Reflectance Distribution Function and Albedo 
(BRDF/Albedo) dataset (MCD43A3 V6).

The net surface shortwave radiation difference (ΔSW) between 
PAs and NPAs in the same window was calculated as

   SW = (1 −  Albedo  PA   ) ×  SW   ↓     − (1 −  Albedo  NPA   ) ×  SW   ↓          
             = − Albedo ×  SW   ↓    

    (5)

where SW↓ is the downward shortwave radiation from Clouds and 
the Earth’s Radiant Energy System Energy Balanced and Filled Surface 
products. Under clear-sky conditions, SW↓ is assumed to be homo-
geneously distributed in the 0.25° window.

The net surface longwave radiation difference (ΔLW) between 
PAs and NPAs in the same window was calculated as

 LW = (   PA   −    NPA   ) ×  LW   ↓     −  
                                              (   PA   ·   LST  PA     4  −    NPA   ·   LST  NPA     4 )  (6)

where (PA − NPA) × LW↓ is the downward longwave radiation dif-
ference between PA and NPA, which is negligible because the emis-
sivity of PAs and NPAs (PA and NPA) is close for the same biome 

and varies slightly across vegetated areas (62); − (PA · LSTPA
4 − 

NPA · LSTNPA
4) is the upward longwave radiation difference be-

tween PAs and NPAs; and  is the Stefan-Boltzmann constant (5.67 × 
108 Wm−2 K−4).

We calculated the sensible heat (H) as the residue of the other 
energy components in Eq. 2. Therefore, the latent heat difference 
(ΔH) between PAs and NPAs in the same window was calculated with 
Eqs. 3, 5, and 6

  H =  H  PA   −  H  NPA   = SH + LW − LE  (7)

We then presented −(ΔH + ΔLE) to indicate the net effects of 
PAs compared to NPAs through evaporative cooling and turbulent 
heat loss.

Warming trend buffered by PAs
We calculated the fraction of protected biome in each 0.25° window. 
For each biome, the 0.25° windows were then classified according to 
their category of PA coverage as >10% (all the 0.25° windows with 
PA coverage greater than 10%), >20%, >30%, >40%, and >50%. This 
classification ensured that each 0.25° window included in the anal-
ysis had at least a 10% PA coverage, and an adequate number of 
windows were included to reduce the bias with overlaps of the win-
dows for each category (table S3). The annual mean LST between 
2003 and 2018 (16 years) was calculated for each biome and each 
category of PA coverage in each 0.25° window. The annual mean 
LST was also calculated for PAs only within the 0.25° windows for 
each biome and PA coverage category. The warming rate per decade 
(degrees Celsius per decade) of the 0.25° windows and PAs only 
within the 0.25° windows for each biome and each category of PA 
coverage was calculated as 10 times the slope of linear regression of 
the annual mean LST over 2003 to 2018 with the Theil-Sen estimator. 
We then calculated the mean warming rate of all the 0.25° windows 
per biome and per PA coverage category. We also evaluated the warm-
ing rate per decade of the 2-m air temperature using the European 
Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 
monthly reanalysis at 0.25° (63) for each biome and each category of 
PA coverage. The 2-m air temperatures, which are synthesized from 
standard weather stations outside natural or seminatural vegetation, 
indicate the macroclimate conditions (29, 30).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0119
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