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SUMMARY

The land surface phenology (LSP) indicators (i.e., start, end, and length of the growing season: SOS, EOS,
LOS) are important to reflect the growth of forest and its response to environmental changes. However,
the spatiotemporal variation and its mechanism of forest phenology under different human disturbance’
levels are still unclear. Here, we compare the LSP indicators inside and outside China’s 257 protected
areas (PAs) and explore the influencing factors of phenological differences (DSOS, DEOS, DLOS). We
find that in general, EOS inside PAs (mean G s.e.m: 312.6 G 1.2days) is significantly earlier than outside
(314.6 G 1.2days), and LOS inside PAs (218.9 G 2.0days) are significantly shorter than outside (220.6 G
2.0days). DSOS and DEOS are controlled by nighttime and daytime temperature differences, respec-
tively, and both factors affect DLOS. This evidence provides a new understanding about the functions
of PAs and its influence on forest vegetation growth.

INTRODUCTION

Forests play an irreplaceable role in regulating global carbon balance, mitigating climate change, and providing important ecosystem ser-

vices for human survival and development.1,2 The growing dynamics of forest vegetation are important for assessing the health of the forest

ecosystems. In particular, as an important reflection of vegetation growth regular pattern and carbon sequestration, land surface vegetation

phenology is a dynamic expression of the growth cycle of the forest and has beenwidely used in the study of forest-climate feedback.3,4 Forest

vegetation phenology is sensitive to changes in light, temperature, moisture, and other environmental factors, and vegetation phenological

indexes have been widely used as sensitive indicators of climate change.5–8 Therefore, how vegetation phenology responds to climatic con-

ditions, under the context of global change, has become a hot issue in the field of global climate change and the carbon cycle in recent

years.9,10

Many studies have shown that climate warming significantly affects both the spring and fall phenology of forest vegetation and alters the

length of the growing season (LOS).11–15 Especially, increasing attention has been focused on the impacts of human activities,16 which are

closely related to climatic conditions on vegetation phenology in recent years. Human activities cause changes in land cover and climate

by altering the energy balance and material cycling, which in turn have had a significant impact on global forest vegetation phenology.17,18

In the areas with intense human activities, the changes in forest vegetation phenology aremore significant. For example, the heat island effect

and CO2 dome effect brought by urbanization significantly change vegetation phenology,19 and the phenomenon of advanced greenup and

delayed dormancy is more obvious in the areas near the cities.20–22 It is noteworthy that with the widespread presence of human activities in

natural ecosystems,23,24 various degrees of humandisturbance bring changes in environmental conditions for forest vegetation such asmicro-

climate,25,26 which have great impacts on vegetation phenology.27,28 However, few studies have attempted to compare the spatiotemporal

distribution of forest vegetation phenology characteristics under different levels of human disturbance and to investigate the mechanism

behind such phenological differences.

Protected areas (PAs) are strictly conserved and have less human disturbance, compared to unprotected areas, due to the management

policies. The strict management in PAs makes the abiotic environmental factors such as temperature andmoisture significantly different from

those outside and results in unique microclimate conditions,29 which may have profound impacts on vegetation phenology and make PAs

ideal ‘‘natural laboratories’’ for studies about the dynamics of vegetation growth and carbon sequestration and serving as an important refer-

ence under the scenario of human sustainable development. Considering that the degree of human disturbance is significantly different be-

tween protected areas and unprotected areas,30,31 the differences in phenological indicators between these two types of areas can reflect the

influence of the degree of disturbance on phenology. Previous studies have mostly focused on the dynamic changes of vegetation

phenology,32 feedback analysis of phenology on climate 33and the regulatory effect of phenology on the ecosystem’s carbon cycling34 in
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protected areas, but there is a lack of systematic evaluation and analysis on the impact of protected areas on vegetation phenology at a larger

landscape scale. Other studies have focused on the impact of varying degrees of forest management on the temperature sensitivity of forest

vegetation phenology,35 and the phenological characteristics of economic crops.36 However, there is a lack of in-depth and extensive explo-

ration of the ecological mechanisms behind the impact of protected areas on vegetation phenology, such as how the differences in forest

microclimate inside and outside protected areas further affect vegetation phenology. Especially, the differences in microclimatic conditions

between inside and outside PAs vary with geographical locations, which limits the understanding of the complex relationship among human

activity, climate change, and vegetation growth dynamics.

By 2020, China has established 10 types of PAs, which are widely distributed in various climate backgrounds, effectively protecting 90% of

the country’s terrestrial ecosystem types and covering 25% of the original natural forests.37 Among them, the National Nature Reserve (NNR)

with the largest number and area has the longest protection and management cycle and the most prominent value of protected objects.38

Therefore, we take NNRs in China as the research objects here to explore the phenological indicators of forest vegetation and their influ-

encing factors between inside and outside PAs. We used remote sensing datasets to extract the land surface phenology (LSP) indicators

(i.e., start, end, and length of the growing season: SOS, EOS, LOS) and microclimatic indicators between inside and outside PAs. The objec-

tives of this study were: (1) to explore the current differences in phenological indicators of the forest vegetation between inside and outside

PAs and the relevant spatial variation (2018–2020) and temporal variation (2001–2020); (2) to detect the key factors affecting the phenological

differences; and (3) to analyze the underlying mechanism of the spatiotemporal variation of these phenological differences between inside

and outside of the PAs in China. The innovation of this study lies in the fact that for the first time, we constructed gradients within and outside

protected areas on a national scale in China, and studied the phenological differences and driving factors between them, providing new in-

sights into the current functions of protected areas in China.
RESULTS

Spatiotemporal variation of differences in phenological indicators between inside and outside PAs

There was no significant difference (p > 0.05) in the SOS between inside and outside PAs at the national scale and in each forest type

(Table S2). However, at the national scale, EOS inside PAs (312.6 G 1.2days) was significantly earlier (p < 0.001) than that outside PAs

(314.6G 1.2days). Specifically for each forest type, EOS inside PAs of EBF (334.6G 2 days) was significantly earlier (p < 0.05) than that outside

PAs (338.3G 1.8days), EOS inside PAs of DBF (302.6G 1.5 days) was significantly earlier (p < 0.05) than that outside PAs (303G 1.5 days), and

EOS inside PAs of MF (310.9G 1.5 days) was significantly earlier (p < 0.05) than that outside PAs (313G 1.5 days), but there was no significant

difference (p > 0.05) in the EOS between inside and outside PAs of ENF. Correspondingly, at the national scale, LOS inside PAs (218.9 G

2.0days) was significantly shorter (p < 0.001) than that outside PAs (220.6 G 2.0days). Specifically for each forest type, LOS inside PAs of

EBF (254.1 G 1.6 days) was significantly shorter (p < 0.05) than that outside PAs (256.3 G 1.6days), LOS inside PAs of DBF (201.1 G

3.2 days) was significantly shorter (p < 0.05) than that outside PAs (202G 3.5 days), and LOS inside PAs ofMF (217G 2.7 days) was significantly

shorter (p < 0.05) than that outside PAs (219.2 G 2.7 days), but there was no significant difference (p > 0.05) in the LOS between inside and

outside PAs of ENF.

Overall, about 53% of PAs have negative DSOS values, which were mainly distributed in Southwest and Southeast China (Figures 1A and

1D). While PAs with positive DSOS values (about 47%) were mainly distributed in Central and Northeast China. The lowest and the highest

DSOS values reached�21days in Jianfengling Nature Reserve and 20days in Zhalong Nature Reserve, respectively. Besides, DEOS in 65% of

PAs were negative (Figures 1B and 1E), and they were mainly distributed in Southeast, Southwest, and Northeast China with the lowest value

of�27days inWuliangshanNature Reserve.While PAs with positiveDEOS values (about 35%) weremainly distributed in South China, with the

highest value of 13days in Cengwanglaoshan Nature Reserve. In addition, PAs of negative DLOS values (56%) were mainly located in South-

west, Northeast, and Central China with the lowest value of �27days in Zhalong Nature Reserve (Figures 1C and 1F). While PAs of positive

DLOS values (44%) were mainly distributed in North China with the highest value of 21days in Zhumulangmafeng Nature Reserve.

In general,DSOS showed no trend with latitude gradient (R2 = 0.02, p > 0.05), while DEOS increased (R2 = 0.22, p < 0.05), which resulted in

the upward trend of DLOS (R2 = 0.12, p < 0.05) (Figures 1G–1I). Specifically, in the 20–25�N range, DSOS and DEOS showed a downward and

upward trend, respectively (Figures 1G and 1H). While in the 25–35�N range, DSOS and DEOS both generally showed an upward consistent

trend. In the 35–50�N range,DSOS fluctuated at the value of 0 with latitude gradient, whileDEOSdecreased at first and then sharply increased

at about 48�N. In addition,DLOS showed a trend of increasing in the 20–40�N range and decreasing in the 35–50�N range but then increasing

in the 50–52�N range (Figure 1I).

The interannual variation of phenological differences showed that the highest value ofDSOSwas 0.2G 0.4days in 2020, and the lowest was

�1.2G 0.4days in 2005 (Figure 2A). The highest value of DEOS and DLOS were �1.5G 0.3days and �0.3G 0.5days in 2005, and the lowest

was �2.7G 0.5days and �2.9G 0.6days in 2020 (Figures 2B and 2C). The Mann–Kendall test indicated that DSOS showed no trend (z = 1.7,

p > 0.05) from 2001 to 2020, while DEOS and DLOS were both decreased (the statistic test outputs were both: z = �2.4, p < 0.05) with the

change of years.

Specifically, forDSOS, therewas no significant temporal trend in protected areas of each forest type (Figure S5A); ForDEOS, PAs ofMF (z =

�2.2, p < 0.05) and DBF (z =�2.1, p < 0.05) showed a significant downward trend over time (Figure S5B); Similarly, forDLOS, onlyMF andDBF

(the statistic test outputs were both: z = �2.5, p < 0.05) showed a significant downward trend over time (Figure S5C).
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Figure 1. Spatial distributions of forest vegetation phenological differences between inside and outside protected areas (PAs)

(A–C) represents the overall distribution of DSOS, DEOS, and DLOS in the whole country respectively.

(D–F) represents the frequency distribution histogram of DSOS, DEOS, and DLOS.

(G–I) represents the line plot of the latitude distributions of DSOS, DEOS, and DLOS respectively, and the bolded dashed lines indicate linear regression fitting

with the shaded areas representing 95% confidence intervals.
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Drivers of phenological differences between inside and outside PAs

The partial correlation results showed that DSOS was only significantly related to DLST_night (partial correlation coefficient was �0.372,

p < 0.05) (Figure 3A), andDEOSwas only significantly related toDLST_day (partial correlation coefficient was 0.336, p < 0.05) (Figure 3B), while

DLOS was both significantly related to DLST_day (partial correlation coefficient was 0.194, p < 0.05) and DLST_night (partial correlation co-

efficient was 0.303, p < 0.05) (Figure 3C).

For protected areas of each forest type, for PAs of MF, DSOS was only significantly related to DLST_night (partial correlation coefficient

was�0.157, p < 0.05), andDEOSwas only significantly related toDLST_day (partial correlation coefficient was 0.347, p < 0.05), whileDLOSwas

both significantly related to DLST_day (partial correlation coefficient was 0.179, p < 0.05) and DLST_night (partial correlation coefficient was

0.324, p < 0.05) (Figures S6A–S6C). For PAs of ENF, there existed no significant relations between all phenological differences and variables.

For PAs of EBF, DEOS and DLOS were only significantly related to DLST_day (partial correlation coefficient was 0.355 and 0.14, respectively,

p < 0.05). For PAs of DBF, DSOS was only significantly related to DLST_night (partial correlation coefficient was �0.363, p < 0.05), and DEOS

was only significantly related to DLST_day (partial correlation coefficient was 0.381, p < 0.05), while DLOS was both significantly related to

DLST_day (partial correlation coefficient was 0.353, p < 0.05) and DLST_night (partial correlation coefficient was 0.245, p < 0.05)

(Figures S6A–S6C).

Factors with significant influence are linearly fitted with DSOS, DEOS, and DLOS (Figure 4). The results showed thatDSOS was significantly

negatively correlated with DLST_night (R2 = 0.1, p < 0.001), and DEOS was positively correlated with DLST_day (R2 = 0.13, p < 0.001). In
iScience 27, 108652, January 19, 2024 3



Figure 2. Annual variation of forest vegetation phenological differences between inside and outside protected areas (PAs) from 2001–2020

(A) DSOS; (B) DEOS; (C) DLOS. Scatter points represent mean values of phenological differences in each year, and error bars represent standard errors of the

mean.
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addition, DLST_day and DLST_night could independently explain 14% (R2 = 0.14) and 11% (R2 = 0.11) of the variation of DLOS, respectively,

and it increased to 19% (R2 = 0.19, p < 0.001) when the effects of DLST_day and DLST_night were considered together (Table S3).
DISCUSSION

Spatiotemporal variation of phenological differences between inside and outside PAs

Our research showed that there was a certain spatial heterogeneity of the phenological differences between inside and outside PAs both in

spatial distribution and latitudinal gradient (Figure 1), and also indicated that PAs in China have the potential to advance the EOS and shorten

the LOS of forest vegetation (Table S2). The advance of EOS means that forest vegetation enters the senescence stage earlier in protected

areas, and the shortening of LOSmeans that the length of growing days for vegetation to conduct growth and development activities such as

sprouting, spreading leaves is shorter in protected areas than outside.4,39 Importantly, the differences (DEOS and DLOS) have gotten greater

over the past 20 years (Figure 2). It is likely that the longer the PAs functions, the greater the differences of environmental factors such asmicro-

climatic conditions inside and outside PAs become, which in turn leads to the interannual trends in phenological differences.

Specifically, only the phenological differences of PAs of ENF were not significant (Table S2). These PAs only account for 5% of the total

protected areas and are mainly distributed in the southwest of China and the southeastern edge of the Qinghai Tibet Plateau, (Figure S3)

where human activities are relatively low due to high altitude and harsh climate,40,41 and themicroclimate differences inside and outside these

protected areas are not as significant as other types (Table S2).

In contrast, PAs of DBF andMF are widely distributed in Central, Southern, and Northeast China (Figure S3), where the population density

and human disturbance are relatively high. The impact of protected areas is strong in this area, so the phenological differences increase with

years (Figures S5B and S5C). In addition, the phenological differences at PAs of EBF are relatively stable and havemaintained a relatively high

impact in the past 20 years (Figures S5A–S5C).
4 iScience 27, 108652, January 19, 2024



Figure 3. Controlling factors of phenological differences between inside and outside PAs

(A)DSOS; (B)DEOS; (C)DLOS. The factors are: LAT, latitude; LON, longitude; YEAR, the year in which the PAwas established; TEM,mean annual air temperature;

PRE, mean annual precipitation; DLST_day, daytime LST difference; DLST_night, nighttime LST difference; DSM, soil moisture difference; DRH, relative humidity

difference; DPAR, photosynthetically active radiation difference. The red columns indicate significant variables (p < 0.05), while the gray columns indicate

insignificant variables (p > 0.05).
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The mechanism of climatic factors affecting phenological differences

As ‘‘natural laboratories’’ without humandisturbance under ideal conditions, PAs can provide amore primitive and stable growth environment

with less land cover change. Comparedwith outside unprotected areas which are frequently disturbedor converted to various land types, PAs

usually have higher forest vegetation coverage, thus effectively reducing surface temperature.42 On the other hand, there is a relatively higher

intensity of human disturbance outside PAs, and the decrease of forest surface soil coverage with the corresponding increase of soil evap-

oration leads to a relatively higher surface temperature.43,44 In our study, this ismainly reflected in the cooling effect of PAs on the highest daily

temperature (Table S2).

Our results showed that the SOS differences between inside and outside PAs were negatively related to the nighttime temperature dif-

ferences between inside and outside PAs, and the EOS differences were positively related to daytime temperature differences. This means

that the larger differences in nighttime temperature led to smaller SOS differences (Figures 3A and 4A), and the larger differences in daytime

temperature led to greater EOS differences (Figures 3B and 4B). As a result, the larger the differences in daytime temperature differences and

nighttime temperature differences, the larger the length of the growing season (Figures 3C, 4C, and 4D; Table S3).

The driving factors for phenological differences in different forest types of PAs also varied. Among them, the driving factors of the pheno-

logical differences at PAs of MF and DBF were consistent with the national scale (Figure S6), the phenological differences at PAs of ENF were

not related to microclimate differences, and EOS differences and LOS differences at PAs of EBF were related to LST_ Day differences

(Figures S6B and S6C). The possible reason is that ENF is a special type of regional vegetation that has adapted to the alpine climate,

and its phenology may also be affected by some local factors such as mowing and grazing under the forest.45 In addition, the pattern of

phenological differences’ drivers at PAs of EBF showed the importance of daily highest temperature, which is a direct factor affecting vege-

tation photosynthesis and growth season46 (Figure S6).
iScience 27, 108652, January 19, 2024 5



Figure 4. Linear regression fitting graph between phenological differences and major controlling variables

(A)DSOS�DLST_night; (B)DEOS�DLST_day; (C) DLOS�DLST_night; (D) DLOS�DLST_day. The solid lines indicate significant trends and the shaded areas

represent 95% confidence intervals.
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Consistent with previous studies, our research also showed that temperature is the most important factor regulating forest vegetation

phenology.3,47 For example, temperature is generally regarded as themain factor affecting SOS, which can influencephenology by regulating

the chilling accumulation and heat requirement of vegetation.48 At the same time, there is also some evidence that temperature has an impact

on autumn phenology,49,50 especially the asymmetry between daytime temperature and nighttime temperature effects.46 This also indicates

the necessity of distinguishing between the two temperatures here.

In summary, the results above confirm the claims proposed in some studies that microclimate has a regulatory effect on forest vegetation

phenology.27,28 It is worth noting that the forest vegetation phenology affected by microclimate can in turn regulate the microclimate con-

dition.3 For example, the variations of phenology that closely reflect the growth status of forest vegetation can also contribute to the variations

inmicroclimates such as temperature,51 andwater conditions.52 Therefore, the correlation revealed in this study cannot be simply regarded as

a causal relationship, as it is not a one-way mechanism.

Ecological insights

The autumnphenology of forest vegetation has important ecological and evolutionary significance and is also an important component of the

impact of climate change on ecosystems.53 The process of leaf senescence is triggered by the accumulation of abscisic acid54 with degrada-

tion of chlorophyll levels and other pigments (for example, beta carotene and lutein) and remobilization of nutrients.55

The phenomenon of earlier EOS and shorter LOS in the protected area may be an adaptation of forests to low temperatures, ending the

growing season as early as possible to prevent frostbite in winter, which has a greater negative impact on vegetation productivity than the

shortening of the growth season length.56,57 Despite there is growing evidence that the autumn phenology of forest vegetation plays a critical

role in regulating the length of the growing season and therefore the interannual variability of carbon uptake,58,59 the rate of soil carbon

decomposition will also decrease under lower temperature conditions in PAs, so shortening the length of the growth season does not neces-

sarily reduce the net carbon uptake of forest ecosystems inside protected area.60

The novelty of this study is that we established the gradient inside and outside the PAs, and studied the phenological differences between

them and the reasons for such differences. The areas inside and outside PAs in this study were considered to have different levels of human

disturbance, and to some extent, they represented two different stages of forest protection. Therefore, the forest vegetation phenology in

PAs can be used as a reference for the future status of many unprotected areas, which is crucial for us to address local forest management and

planning. With the rapid development of geographic informatics and vegetation phenology in recent years, we look forward to a more

comprehensive and robust assessment of the impact of protected areas on forest vegetation phenology in the world in the future.

Limitations of the study

It is important to note that there still are some uncertainties in our analysis. This study focuses on the phenological differences of forest vege-

tation under different human disturbance conditions. However, it is inevitable that although we strictly control the consistency of climate and
6 iScience 27, 108652, January 19, 2024
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social environmental conditions inside and outside the protected areas pixels for comparison, some uncontrollable natural factors (such as

forest wildfire,10 forest diseases caused by pests,61 etc.) may also interfere with our assessment of the effect of protected areas. The focus of

future research should be on developingmore rigorousmethods for evaluating the benefits of protected areas tominimize the interference of

these natural factors. In addition, remote sensing products based on vegetation index may contain some noise signals from the soil back-

ground,62,63 such as soil color, artificial green buildings, and other non-photosynthetic materials. Although the phenological study based

on satellite remote sensing datasets is an important reference for understanding the response of vegetation to global climate change, it

cannot completely replace direct observation in-ground sites. In addition, due to the lack of extensive ground phenological sites in China,

we cannot verify our conclusions using ground data for the time being.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

China land cover datasets Yang and Huang. 202164 https://doi.org/10.5281/zenodo.4417810

Spatial distribution map of roads in China Resource and Environment Science

and Data Center

https://www.resdc.cn

DEM data Shuttle Radar Topography Mission https://www.usgs.gov

Global record of annual terrestrial Human Footprint dataset Mu et al. 202265 https://doi.org/10.6084/m9.figshare.16571064

Map of travel time to cities and ports in the year 2015 Nelson et al. 201966 https://figshare.com/articles/dataset/Travel_

time_to_cities_and_ports_in_the_year_

2015/7638134/4

Monthly near-surface mean air temperature dataset at

1km resolution for China region

Jing et al. 201667 http://www.geodata.cn/data/datadetails.html?

dataguid = 3034046&docId = 6620

Monthly Precipitation Dataset at 1km Resolution

for China Region

Jing et al. 201667 http://www.geodata.cn/data/datadetails.html?

dataguid = 2329433&docId = 6502

Relative humidity Jing et al. 201667 http://www.geodata.cn/data/datadetails.html?

dataguid = 5361255&docId = 6503

Global gridded soil information map Hengl et al. 201768 https://maps.isric.org

Moderate Resolution Imaging Spectroradiometer (MODIS)

Land Cover Dynamics (MCD12Q2) Version 6.1 data

Friedl et al. 202269 https://lpdaac.usgs.gov/products/mcd12q2v061

Photosynthetically Active Radiation (PAR) gridded Level 3

product combined by Moderate Resolution Imaging

Spectroradiometer (MODIS) Terra and Aqua

Wang et al. 202170 https://lpdaac.usgs.gov/products/mcd18a2v061

Terra Moderate Resolution Imaging Spectroradiometer

(MODIS) Land Surface Temperature/Emissivity 8-Day

(MOD11A2) Version 6.1 product

Wan et al. 201571 https://lpdaac.usgs.gov/products/mod11a2v061

1 km daily soil moisture dataset over China Shi et al. 202272 https://data.tpdc.ac.cn/en/data/49b22de9-

5d85-44f2-a7d5-a1ccd17086d2

Moderate Resolution Imaging Spectroradiometer (MODIS)

Land Cover Type (MCD12Q1) Version 6.1 data product

combined by the Terra and Aqua

Friedl et al. 202273 https://lpdaac.usgs.gov/products/mcd12q1v061
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Ma (ma_jun@

fudan.edu.cn).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� All datasets used in this study are publicly available and can be accessed via the links provided in the key resources table.

� No customized codes are used in the study.
� Any additional information is available from the lead contact upon request
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METHOD DETAILS

Selection of PAs

Based on the list of nature reserves from the Ministry of Ecology and Environment of the People’s Republic of China (MEE), we take 257 na-

tional nature reserves established before 2000 with forests as the main ecosystem (forest area is more than 10 km2) for our research area (Fig-

ure S1A; Table S1). These PAs cover temperate, subtropical, and tropical zones, spanning both marine and continental climates, with areas

ranging from 13 km2 to 151940 km2 (Figure S2).
PAs’ inside and outside gradients

We created a buffer belt with a distance of 30 kmoutside each PA. Considering the possible ‘‘leakage or spillover effect’’ of the adjacent areas

outside PAs,74,75 we excluded the 0–10 km area and reserved the remaining part as the corresponding unprotected part to each PA

(Figure S1B).

We used 30 m resolution land use data of China land cover datasets (CLCD)64 to identify the distribution of forests inside and outside of

PAs. This product is a Landsat-based land cover dynamic dataset specially developed for the China region, and the accuracy has been verified

by two open-source test sets and one visual interpretation test set. The dataset was aggregated to 500 m and then converted into a binary

forest/non-forest map using the threshold of 20% forest tree cover.76,77 To exclude the influence of forest cover change on the estimations of

LSP indicators, we only focused on the forest region that did not change after 2000.

We adopted the propensity matching approach78,79 to control for the differences inside and outside of each PA that may interfere with our

assessment of the impact of PAs on forest vegetation phenology. This is necessary because PAs are not randomly located in the landscapebut

are often biased toward remote areas where the land value is low.80 Specifically, for each forest pixel inside a PA, the matching method finds

counterparts in the buffer zone that are similar in terms of 13 socioeconomic and biophysical attribute variables based on existing studies,81–83

including tree cover, distance to themain road, elevation, slope, aspect, topographic position index, human footprint index, travel time to the

nearest big city, precipitation, temperature, soil sand, silt, and clay content.

This matching method was performed based on a propensity score which measures the probability of a pixel being located inside a PA

given its values on the 13 variables. The propensity score summarized the attribute variables into a single scalar variable84,85 and was used to

determine the similarity between each protected forest pixel and those in the buffer zone. To improve the matching quality, we used a 1:1

nearest neighbor match without replacement for all variables. The matching was done with the ‘‘linear-logit’’ method and the caliper size was

0.25.86 This meant that protected forest pixels were only compared to unprotected forest pixels with the closest match for climate back-

ground, topography condition, and initial pressure. We performed the matching analyses in R software using the ‘‘Matching’’ package.87
Extraction of LSP indicators

We used the MODIS MCD12Q2 V6.1 land surface phenology dataset,69 which provides information such as the range and sum of the

enhanced vegetation index (EVI) calculated from the MODIS surface reflectance data of each pixel. The MODIS LSP product was derived

from 16-day composites of NBAR EVI2 that are updated daily with a spatial resolution of 500 m, which has been widely used in the study

of vegetation phenology.88–90 In this product, the start of greenup, greenupmidpoint, andmaturity dates are retrieved as the first date within

the greenup segment where the NBAR-EVI2 time series crosses 15, 50, and 90% of the greenup segment NBAR-EVI2 amplitude (peak NBAR-

EVI2 - segment start EVI; Figure S4). Similarly, the start of senescence, senescencemidpoint, and dormancy are retrieved as the last datewithin

the greendown segment where the NBAR-EVI2 time series crosses 90, 50, and 15% of the greendown segment NBAR-EVI2 amplitude69(peak

NBAR-EVI2 – segment end NBAR-EVI2; Figure S4). To improve the accuracy of our analysis, we excluded all pixels with ‘‘poor quality’’ based

on ‘‘QA_Detailed’’ files provided by the product. Then, we used the SDS names of the ‘‘Greenup’’ value as the start date of the season (SOS)

and the ‘‘Dormancy’’ as the end date of the season (EOS), and the length of the season (LOS) was obtained by EOS minus SOS.
Climatic data

Since climatic conditions are the direct driver of variations in vegetation phenology, we selected some important microclimatic indicators

closely related to vegetation growth to explore the possible reasons for the phenological differences between inside and outside PAs,

including land surface temperature (LST), soil moisture (SM), relative humidity (RH), and photosynthetically active radiation (PAR). To improve

the accuracy of our analysis, we only extracted LST with estimated emissivity error%0.02 and LST error%2 K. The nearest neighbor interpo-

lation method was used to interpolate all the climate and elevation raster data to the size of 500 m to match the phenological remote

sensing data.
Quantifying differences in indicators inside and outside protected areas

We used the average of the pixels of remote sensing data inside and outside the protected areas to represent the average within each area,

respectively. The phenological differences between inside and outside PA were defined as DSOS = SOSinside � SOSoutside, DEOS =

EOSinside � EOSoutside, andDLOS = LOSinside � LOSoutside. The microclimatic differences were defined as follows: DLST_day, daytime LST dif-

ference; DLST_night, night-time LST difference; DSM, soil moisture difference; DRH, relative humidity difference; DPAR, photosynthetically

active radiation difference.
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The spatial distributions of the phenological differences between inside and outside PAs (i.e., DSOS, DEOS, and DLOS) from 2018 to 2020

(mean values of 3 years) based on nationwide scale and latitude were then analyzed.
Classification of protected areas

Due to the large spatial span of our protected area, including different forest types. Therefore, we used the product of MCD12Q173 to classify

protected areas here. If the coverage rate of a certain type of forest in the protected area exceeded 60%, it would be classified as the cor-

responding forest type. Finally, the protected areas were divided into five categories (Figure S3; Table S1): EBF, evergreen broadleaf forests;

ENF, evergreen needleleaf forests; DBF, deciduous broadleaf forests; DNF, deciduous needleleaf forests; MF, mixed forests. Since only two

protected areas belong to the DNF type, such an insufficient sample size is not conducive to our analysis, we have excluded these types of

protected areas in subsequent analysis of forest types.
QUANTIFICATION AND STATISTICAL ANALYSIS

We used the Wilcoxon signed rank test to determine whether there were significant differences in LSP indicators between inside and

outside PAs.

Linear regression analysis was used to investigate the trends in the distribution of phenological differences inside and outsidewith latitude.

We applied the Mann–Kendall trend test to investigate the trend of the phenological difference. Mann–Kendall is a non-parametric sta-

tistical approachwidely used to assess the significance of a trend,91–94 in which IZIR1:96 indicates the results pass the 95% confidence test and

show a significant trend of change. On the contrary, it is not significant.

To determine the main controlling factors for the phenological differences, we conducted Spearman partial correlation analysis (two-

tailed) between the phenological differences and the latitude, longitude, established year, annual mean temperature, annual precipitation

of PAs, andmicroclimatic differences. Because the occurrence of phenological events has the greatest correlation with the preseason climate

conditions,95,96 we used the corresponding preseason climate data based on characteristics of phenological data. The mean values of micro-

climatic data from March to May were corresponding to SOS, and mean values from September to November were corresponding to EOS,

while mean annual values were corresponding to LOS.

While controlling other factors, we determined the partial correlation of each factor, in which the size of the partial correlation coefficient

reflects the influence of the independent variable on the dependent variable. We further used linear regression to explore the relationship of

the phenological differences withDLST_day andDLST_night respectively. The R-squared value was used to evaluate the strength of the linear

correlation, and the significance of the equation was tested. Furthermore, we conducted a forward stepwise linear regression analysis and

established an equation between the phenological differences and the microclimatic differences. In each step, an explanatory variable

was considered to either add or subtract from the set of variables based on a sequence of F tests. By comparing the significance and

R-squared value of different equations, we selected the optimal model to characterize the impact mechanism of phenological difference.

The significance level of this study was 0.05. All data analysis and mapping were completed in R-4.3.1 software and ArcGIS-10.8 software.
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