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Abstract: Protected areas constitute a global strategic resource for enhancing the effectiveness of
ecological protection, which can alleviate the impact of unsustainable human production and living
activities on the ecological environment. However, the spatiotemporal evolution of ecological
protection effectiveness needs to be quantitatively revealed. The net primary productivity (NPP) of
plants is an important measure of the effectiveness of ecological protection efforts. The main purpose
of this study is to use the relative change in the annual average NPP to evaluate the ecological
protection effectiveness of protected areas. We compared the historical changes in the annual average
NPP of protected areas in Sichuan Province from 2000 to 2019. We added the spatial coordinates to the
impact factor system and adopted propensity score matching (PSM) in a quasi-natural experimental
method to determine the experimental group and the control group. The ecological protection
effectiveness of the protected areas in the study area in 2000, 2005, 2010, 2015, and 2019 was measured
and classified into three types of changes in protection effectiveness, namely effective, ineffective, or
fluctuating. According to the administrative level, type, and spatial distribution, we determined the
number and type of changes in the protection effectiveness of different protected areas. The results
show that the annual average NPP of the protected areas in Sichuan Province generally fluctuated.
The annual average NPP increased in 95.47% of the total protected area and decreased in 4.53%.
The overall protection effectiveness of protected areas was positive and significant and gradually
improved. Effective protected areas at the national, provincial, and county levels accounted for
40.27% of the total number of protected areas, and the other 14.77% of effective protected area was
managed at other administrative levels. Among the different types of protected areas, the proportion
of effective protected areas was highest in wild animal protected areas, followed by forest ecology
protected areas, wild plant protected areas, and wetland ecology protected areas. The results of this
study can provide an important reference for the verification and improvement of the ecological
protection effectiveness of various protected areas.

Keywords: protected areas; NPP; PSM; ecological protection effectiveness; Sichuan Province

1. Introduction

Since the establishment of the first protected area in the United States in 1872, the
scale and number of protected areas in the world have grown. In 2020, the Protected Planet
Report 2020 issued by the United Nations Environment Program and the International
Union for Conservation of Nature pointed out that the area of terrestrial and inland water
ecosystems reached 2250 × 104 square kilometers, of which areas recorded as terrestrial
protected areas and reservations accounted for 16.64%. Past studies have shown that the
establishment of protected areas is of great importance to the maintenance of biodiver-
sity and ecological security [1,2] and even plays a key role in the protection of cultural
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landscapes [3,4]. However, the actual ecological protection effectiveness of protected areas is
disturbed by various human activities. For example, different land use practices change the
vegetation coverage of the land, thereby affecting the effectiveness of ecological protection [5].

In the context of urbanization and rapid economic growth, to protect ecosystems such
as forests and wetlands [6], China has established a large number of protected areas. As of
the end of 2020, 2676 protected areas have been established in China, with a total area of
150 × 104 square kilometers, including 474 national protected areas with a combined area
of 98 × 104 square kilometers (data from the Ministry of Natural Resources of the People’s
Republic of China). The number of protected areas in China is constantly growing, and
in the rapidly developing process of the management and construction of protected areas,
the issue of ecological protection effectiveness of protected areas has attracted gradually
increasing attention from scholars [7,8].

Net primary productivity (NPP) refers to the amount of carbon captured by plants via
photosynthesis in one year minus the amount of carbon required for plant respiration, which
reflects the productivity and quality of the ecosystem. Many studies have found that NPP is
closely related to species richness and population density [9]. Thus, NPP provides valuable
information on the characteristics of ecosystem change. The more stable and powerful an ecosys-
tem is, the greater the NPP [10]. Various measures taken by humans to protect the environment
can positively affect NPP [11]. Remote sensing technology can provide long-term monitoring
images of ground objects, making the acquisition of NPP estimates relatively simple [12]. As a
simple instrumental variable, NPP facilitates the study of large-scale areas. Therefore, NPP can
be used to assess the ecological protection effectiveness of protected areas [13].

Studies on the ecological protection effectiveness of protected areas have evaluated
the protection effectiveness of single protected areas [14] or certain types of protected
areas [15] or performed horizontal comparisons of the protection effectiveness of protected
areas [16]. However, few studies have used remote sensing images to evaluate the ecological
protection effectiveness of all protected areas within a specified region. In terms of methods
for researching the ecological protection effectiveness of protected areas, studies generally
make direct longitudinal comparisons of the ecological protection effectiveness before and
after the establishment of protected areas [17]. This method does not consider the external
impacts of protected areas or compare them with nonprotected areas, so it is difficult to
draw objective conclusions. In addition, some scholars have compared the internal states of
protected areas with conditions external to those areas [18]. However, this method cannot
overcome the problem of sample selection; it is impossible to avoid the impacts of factors
such as temperature, precipitation, and traffic accessibility of the protected areas. The
conclusions drawn based on this method may not be consistent with the actual situation.
Therefore, it is necessary to quantitatively study the impacts of the establishment and
management of protected areas, as well as external factors, on ecosystems. To address
the difficulties in selecting samples within and outside protected areas, some scholars
have introduced the sample matching method [19,20]. Propensity score matching (PSM)
was first proposed by Rosenbaum and Rubin [21]. The core idea of PSM is to calculate
the propensity score of a sample based on variables and to use the propensity scores of
the experimental group and the control group as the functional distance for matching
so that the observed variables are as similar as possible, thereby solving the problem of
bias in sample selection. The PSM method has been widely used in medicine [22,23] and
public health [24–26]. Compared with direct comparisons between conditions internal
and external to protected areas, the PSM-based quasi-natural experimental model is more
scientific and reliable [27]. However, in existing studies using the PSM-based quasi-natural
experimental model, spatial factors were not considered when selecting factors, which
affects the accuracy of the matching results.

Sichuan has always attached importance to the protection of the ecological environ-
ment and is one of the provinces with the greatest number and area of protected areas in
China (data from the Ministry of Natural Resources of the People’s Republic of China).
To promote the management of protected areas, Sichuan Province has successively pro-
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mulgated corresponding regulations governing protected areas. In this paper, NPP was
used as an indicator to evaluate the ecological protection effectiveness of protected areas in
Sichuan Province from 2000 to 2019, and the PSM method was used to eliminate bias in
the selection of samples within and outside of protected areas. In this paper, we examine
(1) changes in the spatiotemporal patterns of the NPP of protected areas between 2000 and
2019 and (2) the distribution of the ecological protection effectiveness of protected areas
among administrative levels and protected area types.

2. Materials and Methods
2.1. Boundaries of Protected Areas

The protected areas in this study refer to the various nature reserves under the nature
reserve system in China. The protected areas are classified into nine types, including forest
ecology, paleontological remains, geological heritage, etc. The protected areas are also
categorized into national, provincial, county, and other administrative levels [28]. The
data came from the specimen resource sharing platform of the China Nature Reserve
(http://www.papc.cn/, accessed on 15 October 2021) and were integrated with data
on the ecological functional areas of Chinese nature reserves in ArcGIS Online (http:
//120.26.232.88:6080/arcgis/rest/services/ROOT/HJMGQ/MapServer, accessed on 17
October 2021). We combined these data with the latest Giant Panda National Park System
data to obtain the final boundary, including a total of 149 protected areas (Figure 1).
The protected areas (97◦21′ E to 108◦31′ E longitude, 26◦03′ N to 34◦19′ N latitude) are
situated in Sichuan, China, including six types of protected areas, namely paleontological
remains, geological heritage, forest ecology, wetland ecology, wild animal, and wild plant,
representing considerable diversity. The protected areas in Sichuan include 40 national,
40 provincial, 44 county-level, and many other protected areas.
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2.2. Net Primary Productivity (NPP)

The annual NPP product data for 2000–2019 came from the United States Geological
Survey (USGS) (https://e4ftl01.cr.usgs.gov/MOLT/MOD17A3HGF.006/, accessed on 13
October 2021). The data layer is the sum of all eight-day net photosynthetic products with
a resolution of 500 m. In this study, the final NPP dataset was obtained through tools such
as “Define Projection” and “Extract by Mask”.

2.3. Propensity Score Matching Data

The road data were sourced from the National Earth System Science Data Center
(http://www.geodata.cn, accessed on 14 October 2021). The highways, railways, and
provincial roads in the study area were extracted and merged into a layer of main roads,
and we calculated the Euclidean distance to characterize traffic accessibility. Elevation,
slope, precipitation, average temperature, and land use type were obtained from the
Resource and Environmental Science and Data Center of the Chinese Academy of Sciences
(https://www.resdc.cn/, accessed on 14 October 2021). The annual precipitation and
annual average temperature were obtained by spatial interpolation. The spatial coordinates
of the experimental and control groups were extracted from ArcGIS.

2.4. Trend Analysis Method

Using pixels as the basic unit, the interannual NPP trends of the protected areas were
studied using univariate linear regression analysis to reflect the trends and characteristics
of the NPP of the vegetation in different years [29,30]. The formula for calculating the
degree of change in NPP is as follows:

K =
n×∑n

i=1(i× NPPi)−∑n
i=1 i ∑n

i=1 NPPi

n×∑n
i=1 i2 − (∑n

i=1 i)2 (1)

where K is the slope of the multiyear regression of a single pixel; n is the number of years;
and NPPi represents the value of a certain point in the ith year, where i = 1, 2, 3, 4, 5 . . . , 20.
When K > 0, NPP increases with time; when K < 0, NPP declines with time. The slope, K,
is used to characterize the degree of change in NPP over a total of 20 years from 2000 to
2019 [30].

NPPchange =
K

NPPmean
× n× 100% (2)

NPPchange is expressed as a percentage, NPPmean represents the average NPP for a
total of 20 years from 2000 to 2019, and n is the number of years.

In ArcGIS, the average annual NPP value of a single protected area was obtained
using the “Zonal Statistics” function. After the data were derived, the annual average NPP
and the 20-year average NPP of the protected areas in Sichuan Province were calculated,
and the spatiotemporal patterns of NPP change were analyzed.

2.5. Propensity Score Matching (PSM)

PSM refers to the estimation of the probabilities of occurrence of a sample point, i,
in the experimental group and the control group based on a certain influencing factor,
Mi. Based on the propensity scores of the experimental group and the control group,
nearest-neighbor matching, nuclear matching, and other rules were used for matching [31].
The points in the experimental group and the control group that were closest to each other
under multiple factors were selected to eliminate sample-selection bias [32].

p(Mi) = pr(PAi = 1|Mi ) = F( f (Mi)) (3)

p(Mi) is the propensity score of the sample point i, PAi = 0 for the control group,
and PAi = 1 for the experimental group. f (Mi) is a linear function, whereas F(x) is a
logical function.

https://e4ftl01.cr.usgs.gov/MOLT/MOD17A3HGF.006/
http://www.geodata.cn
https://www.resdc.cn/
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Based on an existing study [33–36], seven factors, including elevation, slope, annual
average precipitation, annual average temperature, distance to a main road, distance to
urban construction land, and land use type, were selected. These factors impact the NPP
of the protected areas. In addition, the spatial coordinates were considered to improve
the accuracy of internal and external point matching. In this study, a grid of the same
size was established in the study area based on NPP with a resolution of 500 m. The grid
was extracted from the boundaries of protected areas, and 10% of the sample points in the
protected areas were selected as the experimental group through the ArcGIS “Subset” tool.
The minimum distances between the protected areas in the study area are mostly more
than 1 km. To avoid the impact of the spillover effect [37], 10% of the grid’s center points 1
km outside the protected areas were selected as the sample points of the control group after
multiple experiments. The seven factors in 2000 and the corresponding spatial coordinates
were matched to points, and the logit method was used to estimate the probabilities of
the experimental group and the control group. The matching relationship between the
experimental group within the protected areas and the control group outside the protected
areas was obtained according to nearest-neighbor matching with caliper (Figure 2).
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2.6. Protection Effectiveness Index

The difference between the mean NPP in a certain protected area and the mean NPP
of the matched control group was used to calculate the ecological protection effectiveness
of that protected area.

Pe =
∑n1

i=1 ∆pixeli
n1

−
∑n0

j=1 ∆pointj

n0
(4)

Pe refers to the ecological protection effectiveness of a certain protected area; ∆pixeli
is the sum of the NPP of pixel, i, in a protected area in 2000, 2005, 2010, 2015, and 2019;
n1 is the total number of protected areas in Sichuan Province; ∆pointj is the sum of the
NPP of the sample point, j, of the control group in 2000, 2005, 2010, 2015, and 2019 after
matching; and n0 is the number of sample points in the control group after matching. If Pe
is greater than 0, then NPP inside the protected area is high, and the ecological protection
effectiveness is positive. If Pe is less than 0, the ecological protection effectiveness of the
protected area is negative.
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3. Results
3.1. Analysis of the Spatiotemporal Patterns of NPP Change in Protected Areas

Figure 3 shows that the annual average NPP of the study area fluctuated between 517
and 603 gC·m−2, increasing overall. Based on the annual average NPP, the average NPP
over the 20-year period (2000–2019) was 557.25 gC·m−2. Before 2011, the annual average
NPP was relatively low, and overall, it improved over time. During the study period, the
annual average NPP was as low as 517.16 gC·m−2 in 2011, which is 7.75% lower than the
average; in 2012, it was as high as 602.20 gC·m−2, which is 16.44% higher than the average.
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Figure 3. Annual and overall average NPP in protected areas of Sichuan Province (2000–2019).

The rates of change in the annual average NPP of the protected areas in the study
over the 20-year period (2000–2019) were calculated using Equations (1) and (2) (Figure 4).
The changes in the study period were classified by four types of trends, namely significant
decrease (<−20%), slight decrease (−20% to 0%), stable increase (0% to 20%), and significant
increase (>20%). The results showed that between 2000 and 2019, the annual average NPP
increased overall in the study area and declined in only a few areas in the western part of
the study area. The protected areas with increasing annual average NPP trends accounted
for 95.47% of the total area, and the protected areas with decreasing annual average NPP
trends accounted for 4.53% of the total area.
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In the protected areas of Sichuan Province, one protected area showed a significant
decrease in the annual average NPP, and this protected area accounted for 0.33% of the
total area of protected areas. Eight protected areas showed slight decreases in annual
average NPP, and they were scattered in the western and northern parts of the study area,
accounting for 4.20% of the total protected area. The number of protected areas with stable
increases in the annual average NPP was the largest, totaling 113, and these protected
areas were mainly distributed in the western part of the study area, accounting for 81.94%
of the total protected area. A total of 27 protected areas showed significant increases in
the annual average NPP, and they were mainly distributed in the northern, southern, and
northwestern portions of the study area, accounting for 13.52% of the total protected area.

3.2. Analysis of Protective Effectiveness of Protected Areas

The operation followed the technical route shown in Figure 2. Ultimately, the ex-
perimental group retained 28,262 points, and the control group retained 63,936 points
(Figures S1 and S2). We verified the matching accuracy by means of a balance test and a
common support test. The results demonstrated that the matching accuracy is relatively
high (see Figure S3 and Table S1 for more details).

The ecological protection effectiveness of the protected areas in Sichuan, China, in
2000, 2005, 2010, 2015, and 2019 was obtained based on Equation (4) (Figure 5). The results
showed that from 2000 to 2015, the number of protected areas with Pe > 0 increased slightly,
and the proportion of protected areas with Pe > 0 gradually increased. The ecological
protection effectiveness was most prominent in 2015, and the number of protected areas
with Pe > 0 was as high as 93 in 2015, an increase of nearly 8.14% compared with that in
2000. After 2015, the ecological protection effectiveness weakened slightly. However, the
number of protected areas with Pe < 0 decreased overall. From 2000 to 2019, the trendline
of protected areas with Pe > 0 in Sichuan Province showed an increasing trend.
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Based on the calculated Pe results, the changes in the ecological protection effective-
ness of the protected areas in Sichuan Province from 2000 to 2019 were classified into
three types: effective, ineffective, and fluctuating. Ecological protection was considered
effective if Pe was >0 in all five years (2000, 2005, 2010, 2015, and 2019) and the ecological
protection effectiveness of the protected areas was thus consistently effective. If Pe was
<0 in all five years, then the ecological protection effectiveness was considered ineffective.
If Pe was positive in some years and negative in others, then the ecological protection
effectiveness was considered to be fluctuating (for the specific list, please refer to Table S2
of Supplementary Materials). First, statistical analysis was performed based on the ad-
ministrative level of each protected area (Figure 6a). A large proportion of the national
and provincial protected areas were effective from 2000 to 2019. A total of 50 national
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and provincial protected areas exhibited Pe > 0 in all five years (2000, 2005, 2010, 2015,
and 2019), indicating that these protected areas played a positive role in promoting the
protection of the regional ecological environment. However, 10 national and 10 provincial
protected areas were consistently ineffective. Compared with county-level protected areas,
a high proportion of the protected areas of other (i.e., other than national, provincial, or
county) administrative levels were consistently effective. This phenomenon occurred be-
cause most of the protected areas are relatively remote, their surrounding areas are sparsely
populated, and their vegetation is less damaged. The number of ineffective county-level
protected areas (31) was greatest, accounting for approximately 20.81% of the total number
of protected areas (149). The overall number of fluctuating protected areas was small, and
they were mostly provincial protected areas.
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The classification of protected areas by effectiveness was also examined for each
type of protected area (Figure 6b). Wild animal protected areas accounted for nearly
63.09% of all protected areas, and the number of effective types of ecological protection
effectiveness was 58, which is higher than the numbers for other types of protected areas.
The number of forest ecology protected areas ranked second, followed by the number of
wild plant protected areas, the number of wetland ecology protected areas, and the number
of geological heritage protected areas. Among the ineffective protected areas, wild animal
protected areas and wetland ecology protected areas accounted for a high proportion,
totaling 43 protected areas, and the forest ecology protected areas accounted for only 4.70%.
The only paleontological remains protected area (Suishui Sponge Reef Protected Area) was
consistently ineffective, which is closely related to its low vegetation coverage and low
NPP. The fluctuating protected areas were also mostly wild animal protected areas, and the
overall proportion of fluctuating protected areas was small.

To enhance the contrast of spatial differences, the spatial locations of the types of
variation in ecological protection effectiveness of 149 protected areas are presented in
Figure 7.
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Figure 7 shows that between 2000 and 2019, the effective protected areas were mainly
located in the marginal mountains of the Sichuan Basin and were mainly distributed in
the northern portion of the study area. Among the 105 protected areas in the western
part of the study area, more than half behaved as consistently effective between 2000 and
2019. Most of the ineffective protected areas were located in the western part of the study
area, and their spatial distribution was relatively concentrated. Seven ineffective protected
areas were concentrated in the northern part of the study area, accounting for 4.70% of
the total number of protected areas, whereas a small number of ineffective protected areas
was scattered in the southern and eastern parts of the study area. Only a small number of
fluctuating protected areas was found in the study area, and they were scattered within the
study area but were more concentrated in the western alpine plateau area.

4. Discussion

In this study, we used NPP as an instrumental variable to characterize the ecological
protection effectiveness of protected areas in Sichuan Province. Figure 3 shows that from
2000 to 2019, the annual average NPP of protected areas in Sichuan showed fluctuating
growth. Before 2011, the annual average NPP was lower than the overall average NPP, and
after 2011, the annual average NPP grew rapidly and was higher than the overall average
NPP. This may be because the government did not strictly restrict human activities after
the implementation of the protected area policy in 2000. Coupled with people’s lack of
awareness of protected areas, the ecological environment of protected areas was negatively
affected to some extent [38]. In 2009, the government revised the management regulations
of nature reserves to improve the protection of nature reserves. However, due to the lag
in the policy implementation process, the ecological environment was not significantly
improved until the latter period [39]. We observed that from 2000 to 2019, the trend of
average NPP change in protected areas in Sichuan Province showed that NPP growth
occurred in 95.47% of the total area of protected areas and that the ecological environment
was improved. However, because temperature and precipitation also affect NPP [40],
the changes cannot be proven to influenced only by protected area policy. Therefore, in
this study, we controlled these interfering factors to minimize the sample selection bias
via PSM, and the ecological protection effectiveness of protected areas was analyzed in
depth. Through the improved-propensity score-matching method, the ecological protection
effectiveness of each protected area was calculated according to Equation (4), and the
results showed that within 20 years, the overall ecological protection effectiveness of the
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protected areas in Sichuan Province increased (Figure 5). Then, we conducted an in-depth
study on the ecological protection effectiveness of protected areas from three perspectives:
level, type, and spatial location.

After statistical analysis of changes in the effectiveness of protected areas according to
different levels of standards, we found that many national and provincial protected areas
consistently and effectively maintain an internal ecological balance (Figure 6a), which is
consistent with the conclusions of a previous study [41]. However, among the ineffective
protected areas, national and provincial protected areas were consistently ineffective in
2000, 2005, 2010, 2015, and 2019. County-level protected areas accounted for the greatest
proportion of ineffective protected areas. Ineffective protected areas were mainly concen-
trated in the western alpine plateau area, where the ecological environment is relatively
fragile [42]. The local governments in these areas may not have sufficient backup support
for the implementation of policies due to their low economic strength, which has hindered
effective improvement of the ecological environment [39]. In the future, we should first en-
sure that all national protected areas can truly achieve continuous and effective protection.
Taking advantage of the short distances between these protected areas, we merged and
reorganized them with scattered county-level and other levels of protected areas to form a
networked and systematic system of protected areas [43]. A good example of this practice
is the current national park system implemented in China [44]. This practice should be
the main method for constructing a framework for improving the ecological protection
effectiveness of areas protected at different administrative levels.

From the perspective of different types of protected areas, most of the effective wild
animal protected areas in the study area are giant panda (Ailurus fulgens) protected areas
(Figure 6b). Giant pandas are national rare animals, and protecting their habitat has received
increasing attention in recent years [45]. The government has invested a large amount of
human, material, and financial resources to implement relevant projects and protection
policies to improve the habitat of giant pandas, so most giant panda protected areas are
effective [46]. However, the ecological protection effectiveness of some protected areas
remains suboptimal. For instance, 27 wild animal protected areas located in the western
alpine plateau area, such as Kaniang town, Gajin, Fozhu, and Suochong, are highly sensitive
to the ecological environment. The fences that are built to delineate protected areas affect
the ecological processes of their habitats to some extent, reducing the vegetation cover [47].
Simultaneously, ineffective protected areas may have resulted from the late establishment of
protection, lags in policies, or inadequate management and control systems [48]. Economic
activities to improve livelihoods have generated disturbances in wetland and forest ecology
protected areas, affecting the ecological environments of these protected areas [49]. In
the process of developing areas protecting paleontological remains, tourism resources,
infrastructure construction, and unauthorized visits by humans cause a certain negative
impact on the ecological environments of these areas [50,51]. To enhance the diversification
of ecological protection, different types of protected areas should be coordinated in the
implementation of policies. In addition, the government needs to develop alternative
livelihoods to reduce the possibility of human activities affecting wetland and forest ecology
in the study area [52]. The development of paleontological remains or geological heritage
should be reasonably controlled, and environmental management should be improved.

From the perspective of spatial distribution, the number of effective protected areas
in the Longmen Mountain and Xiaoliang Mountain areas accounts for almost half of the
total number of existing protected areas (Figure 7). The protected areas in this region are
close to major cities and are advantageous in terms of the implementation of ecological
and environmental protection policies and economic investment. However, the ineffective
protected areas were mostly concentrated in the western part of the study area because
a large number of protected areas are distributed in the western part of the study area,
and most of them are in alpine plateaus, with relatively low NPP and high ecological
sensitivity [53,54]. In addition, the level of economic development in the region is low,
the ability of local governments to control relevant factors is weak, and policy measures
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have not been effectively implemented [53]. In the eastern part of the study area, the
ecological protection of wetlands (mainly four wetland protected areas, including the
Wenxixi River, Gouxihe Wetland, Mianyang Egret Forest Protected Area, and Luhu White
Stork Grey Crane Protected Area) was consistently ineffective and may also be limited
by the low level local economic development [55]. Furthermore, the large area of water
bodies in the wetland ecology protected areas affected the ability of NPP to characterize
the ecological protection effectiveness of these protected areas. Therefore, in the future,
financial investment should be strengthened [56], and high-intensity human activities, such
as overgrazing, should be restricted in the protected areas in the remote mountainous areas
of western China [57]. In the ineffective wetland ecology protected areas in the eastern part
of the study area, the rivers and lakes should be used as the core, and artificial disturbance
measures should be used to promote the restoration of natural vegetation. Alternatively,
new vegetation can be established to restore the vegetation communities surrounding water
bodies [58].

At present, few studies have investigated the ecological protection effectiveness of
multitype or multilevel protected areas [59,60], and most of these studies have focused on
the analysis of single-type or single-level protected areas [61–63], so they cannot achieve a
multiangle assessment of the overall ecological protection effectiveness of protected areas.
Additionally, to address the problem of matching points within and outside of the protected
area by PSM, some scholars have introduced PSM in a quasi-natural experimental model
to compare the differences in the human disturbance index within and outside of protected
areas to reflect the effectiveness of the protected areas [41]. However, these studies failed to
take into account that when matching points, a problem may arise in which the internal and
external matching points are far apart in space. Therefore, we not only considered the main
influencing factors, such as traffic accessibility and differences in natural conditions, but
also introduced spatial coordinates so that we were able to improve the matching accuracy
by selecting the control group with short spatial distances from protected points. After
2000, China began to implement a policy of conversion of cropland to forest and the natural
forest protection project [64]. Moreover, most of the protected areas were established
during this period. Accordingly, this study used 2000 as the base year for point matching
to better present the changes in ecological protection effectiveness after the implementation
of these policies. The average NPP was then used to measure the ecological protection
effectiveness from 2000 to 2019, and the types of overall changes in ecological protection
effectiveness were determined based on the Pe values in 2000, 2005, 2010, 2015, and 2019. In
this way, the spatiotemporal patterns of changes in the ecological protection effectiveness
of the protected areas in Sichuan Province are shown at different administrative levels, for
different protected area types, and for different spatial distributions.

It should be pointed out that due to the influence of multiple factors, the causes
and mechanisms of the failure of protected areas of different levels, types, and spatial
distributions to reach optimal ecological protection effectiveness still need to be further
studied. In addition, from the perspective of the instrumental variables used in the study,
the variables that characterize the ecological environment should not be limited to NPP
alone. We can consider combining multiple indicators, such as the normalized difference
vegetation index (NDVI) and leaf area index (LAI), to improve the comprehensiveness
and scientific nature of the representation of the ecological environment. Moreover, the
modal and maximum NPP for the control group and the experimental group can be used
as indicators of ecological protection for further analysis to enhance understanding of the
spatiotemporal patterns of changes in ecological protection effectiveness.

5. Conclusions

Studying the ecological protection effectiveness of protected areas is critical for their
future development and planning. In this study, spatial coordinates were included in the
influencing factors to more accurately determine the matching relationship between the
experimental group and the control group. The ecological protection effectiveness of the
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protected areas in Sichuan Province was evaluated by calculating the differences between
the NPP of the experimental group and the control group. The conclusions are as follows:

The annual average NPP of protected areas in Sichuan Province showed a fluctuating
increase in the overall period from 2000 to 2019. In terms of spatial distribution, the
protected areas with annual average NPP growth over the past 20 years accounted for
95.47% of the area of all protected areas, and these protected areas were widely distributed.
The annual average NPP decreased in 4.53% of the total protected area, and these protected
areas were mainly distributed in the western part of the study area.

The overall ecological protection effectiveness of the protected areas in the study area
increased from 2000 to 2019. In 2015, 93 protected areas exhibited Pe > 0, the most favor-
able ecological protection effectiveness. Among the protected areas in Sichuan Province,
between 2000 and 2019, the national and provincial protected areas with effective changes
in ecological protection effectiveness accounted for 33.56% of the total, county-level pro-
tected areas accounted for 6.71%, and nearly 14.77% were other-level protected areas.
Administrative-level protected areas displayed the greatest ecological protection effective-
ness, indicating that the establishment or upgrading of administrative-level protected areas
plays an important role in ecological protection. The proportion of effective protected
areas was highest in wild animal protected areas, followed by forest ecology protected
areas, wild plant protected areas, and wetland ecology protected areas. In terms of spa-
tial distribution, the consistently effective protected areas were mainly distributed in the
marginal mountains of the Sichuan Basin. The results show that the overall ecological
protection effectiveness of the protected areas in Sichuan Province has been improving over
the past 20 years. Studying the protection effectiveness of these protected areas can provide
a reference for the construction of protected areas in the future and for research on other
protected areas.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijerph19084920/s1: Figure S1: Points of the experimental group;
Figure S2: Points of the control group; Figure S3: Nuclear density comparison chart; Table S1: Results
of balance test; Table S2: List of the Types of Changes in Protection Effectiveness of Protected Area in
Sichuan Province.

Author Contributions: Z.Z.: data curation, software, methodology, formal analysis, writing—original
draft preparation, and visualization; Y.T.: data curation, formal analysis, writing—original draft, and
visualization; H.P.: formulation or evolution of overarching research goals and aims, methodology,
writing—review a editing, supervision, and funding acquisition; C.Y. and T.Z.: data curation and
investigation. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant num-
ber 42071222), the Sichuan Science and Technology Program (grant number 2022JDJQ0015) and the
Humanities and Social Science Fund of Ministry of Education of China (grant number 18XJA630005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ma, B.; Zhang, Y.Q.; Hou, Y.L.; Wen, Y.L. Do Protected Areas Matter? A Systematic Review of the Social and Ecological Impacts of

the Establishment of Protected Areas. Int. J. Environ. Res. Public Health 2020, 17, 7259. [CrossRef] [PubMed]
2. Eklund, J.; Blanchet, F.G.; Nyman, J.; Rocha, R.; Virtanen, T.; Cabeza, M. Contrasting spatial and temporal trends of protected area

effectiveness in mitigating deforestation in Madagascar. Biol. Conserv. 2016, 203, 290–297. [CrossRef]
3. Xu, P.; Wang, Q.; Jin, J.; Jin, P. An increase in nighttime light detected for protected areas in mainland China based on VIIRS DNB

data. Ecol. Indic. 2019, 107, 105615. [CrossRef]
4. Yang, H.; Vina, A.; Winkler, J.A.; Chung, M.G.; Dou, Y.; Wang, F.; Zhang, J.; Tang, Y.; Connor, T.; Zhao, Z.; et al. Effectiveness of

China’s protected areas in reducing deforestation. Environ. Sci. Pollut. Res. Int. 2019, 26, 18651–18661. [CrossRef]

https://www.mdpi.com/article/10.3390/ijerph19084920/s1
https://www.mdpi.com/article/10.3390/ijerph19084920/s1
http://doi.org/10.3390/ijerph17197259
http://www.ncbi.nlm.nih.gov/pubmed/33020431
http://doi.org/10.1016/j.biocon.2016.09.033
http://doi.org/10.1016/j.ecolind.2019.105615
http://doi.org/10.1007/s11356-019-05232-9


Int. J. Environ. Res. Public Health 2022, 19, 4920 13 of 15

5. MacDougall, A.S.; McCann, K.S.; Gellner, G.; Turkington, R. Diversity loss with persistent human disturbance increases
vulnerability to ecosystem collapse. Nature 2013, 494, 86–89. [CrossRef] [PubMed]

6. Ren, G.; Young, S.S.; Wang, L.; Wang, W.; Long, Y.; Wu, R.; Li, J.; Zhu, J.; Yu, D.W. Effectiveness of China’s National Forest
Protection Program and nature reserves. Conserv. Biol. 2015, 29, 1368–1377. [CrossRef] [PubMed]

7. Huang, Y.; Fu, J.; Wang, W.; Li, J. Development of China’s nature reserves over the past 60 years: An overview. Land Use Policy
2019, 80, 224–232. [CrossRef]

8. Rao, Y.; Zhang, J.; Wang, K.; Wu, X. How to prioritize protected areas: A novel perspective using multidimensional land use
characteristics. Land Use Policy 2019, 83, 1–12. [CrossRef]

9. Luck, G.W. The relationships between net primary productivity, human population density and species conservation. J. Biogeogr.
2007, 34, 201–212. [CrossRef]

10. Tilman, D.; Isbell, F.; Cowles, J.M. Biodiversity and Ecosystem Functioning. Annu. Rev. Ecol. Evol. Syst. 2014, 45, 471–493.
[CrossRef]

11. Teng, M.J.; Zeng, L.X.; Hu, W.J.; Wang, P.C.; Yan, Z.G.; He, W.; Zhang, Y.; Huang, Z.L.; Xiao, W.F. The impacts of climate changes
and human activities on net primary productivity vary across an ecotone zone in Northwest China. Sci. Total Environ. 2020, 714,
136691. [CrossRef] [PubMed]

12. Powers, R.P.; Coops, N.C.; Nelson, T.; Wulder, M.A. Evaluating Nature Reserve Design Efficacy in the Canadian Boreal Forest
Using Time Series AVHRR Data. Can. J. Remote Sens. 2016, 42, 171–189. [CrossRef]

13. O’Neill, D.W.; Abson, D.J. To settle or protect? A global analysis of net primary production in parks and urban areas. Ecol. Econ.
2009, 69, 319–327. [CrossRef]

14. Gu, C.J.; Zhao, P.; Chen, Q.; Li, S.C.; Li, L.H.; Liu, L.S.; Zhang, Y.L. Forest Cover Change and the Effectiveness of Protected Areas
in the Himalaya since 1998. Sustainability 2020, 12, 6123. [CrossRef]

15. Nord, M.; Ranlund, A.; Gustafsson, L.; Johansson, V.; Part, T.; Forslund, P. The effectiveness of area protection to capture coastal
bird richness and occurrence in the Swedish archipelago. Glob. Ecol. Conserv. 2019, 17, e00528. [CrossRef]

16. Linkie, M.; Smith, R.J.; Leader-Williams, N. Mapping and predicting deforestation patterns in the lowlands of Sumatra. Biodivers.
Conserv. 2004, 13, 1809–1818. [CrossRef]

17. Gaveau, D.L.A.; Wandono, H.; Setiabudi, F. Three decades of deforestation in southwest Sumatra: Have protected areas halted
forest loss and logging, and promoted re-growth? Biol. Conserv. 2007, 134, 495–504. [CrossRef]
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