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Establishing protected areas (PAs) is a major measure of biodiversity
conservation, and various methods have been explored to assess PAs’
effectiveness. However, those methods mainly compared the relative changes
in land cover between treated samples inside the PAs and their matched samples
outside the PAs, which would produce misjudgments, especially in some climax
communities with a relatively steady state. Thus, in this study, we constructed an
integrated framework through a series of assessments according to the state,
trend, and relative change of each PA to explore the conservation effectiveness
of PAs in the Three Parallel Rivers Region in China from 2000 to 2020. Here,
“state” refers to the difference among samples from within and outside the PA,
assessed through yearly sample mean comparison. “Trend” means linear
regression of mean forest area of each PA throughout the assessment period.
“Relative change” means the difference in the mean value of the slope of forest
changes between the treated samples inside each PA and their matched control
samples outside of PAs. The entire forest area within all PAs in the Three Parallel
Rivers Region showed a significant increasing trend from 2000 to 2020 (R? =
0.919, P<0.05). Among all the PAs, twelve (86%) had a positive effect on
protecting the forest ecosystem, and two had a nonsignificant effect. Among
the factors affecting the state and relative change in PAs’ forests, the annual total
precipitation was the most important, followed by distance to the nearest road.
Moreover, the management-level variable was an essential factor in the state of
PAs’ forest ecosystems, which indicated that national PAs (nature reserves and
natural parks) were in a better state than local (provincial- and county-level)
nature reserves. Overall, the conservation effectiveness of forests in PAs was
assessed at a regional scale in the Three Parallel Rivers Region, implying that our
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framework would be additional useful in regions with high biodiversity and steady
ecosystems. This framework better avoids underestimating conservation
effectiveness assessment tasks than traditional methods do. Thus, we posit that
this framework is suitable for future global or country-level assessments.

KEYWORDS

conservation effectiveness, integrated framework, natural park, nature reserve,

northwest Yunnan

1 Introduction

Establishing protected areas (PAs) is the main method of
defending against biodiversity loss because it conserves vital
ecosystems, wildlife, and habitats (Gaston et al, 2008; Stolton and
Dudley, 2010). By May 2021, at least 22.5 million km? (16.64%) of land
and inland water ecosystems were within PAs and Other Effective area-
based Conservation Measures (OECMs) (UNEP-WCMC, and TUCN,
2021). Except for fulfilling the quantitative coverage target, it is also
important to know whether existing PAs are effectively protecting
biodiversity features. For instance, 71.4% of PAs worldwide helped
prevent forest loss, without PAs, forest loss within the boundaries of
287 PAs would have increased by 77,857 km? between 2000 and 2015
(Yang et al, 2021). With the escalation of environmental crises,
evaluating PAS’ conservation effectiveness is necessary to guarantee
benefits to humankind and ensure that PAs can maintain positive
mechanisms to achieve their diverse objectives and realize their full
potential (Watson et al., 2014; Di Minin and Toivonen, 2015). The
Kunming-Montreal Global Biodiversity Framework, adopted by the
15th Conference of the Parties to the Convention on Biological
Diversity, further emphasizes the effectiveness of PAs (UN
Environment programme, 2022). Notably, methods have been
adopted to assess the effectiveness of PAs, such as “before-after”
comparison (Gaveau et al, 2007), “inside-outside” comparison
(Wang et al, 2015), these comparisons are often influenced by
environmental factors and are not sufficiently scientific. Thus,
“matching” methods are gradually being applied to scientifically
assess the conservation effectiveness of PAs by eliminating the effects
of environmental factors (Ren et al.,, 2015; Geldmann et al., 2019).

Because of the absence of annual continuous land cover data,
previous studies have mostly adopted the method of subtracting two
years when making “before-after” comparison to explore the
effectiveness of PAs (Bowker et al.,, 2017; Chen et al., 2017;
Geldmann et al, 2019; Mammides, 2020). Studies have mainly
assessed PAs’ conservation effectiveness by comparing changes in
land cover (e.g., forest ecosystems) between treated samples inside
PAs and their matched samples outside PAs (Gaveau et al., 2009).
In this way, the relative increase of treated samples inside PAs
compared to their matched samples outside PAs in land cover
(natural vegetation) were able to represent a positive conservation
effectiveness. However, few studies have focused on the initial status
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of conservation effectiveness evaluation. Without initial status, PAs
with high human-pressure baselines may appear more effective than
those with low baselines under equally stringent pressure conditions
(Feng et al, 2022). And when forest area is used to assess
conservation effectiveness of PAs, the results may be biased
because natural vegetation cannot increase continuously,
especially when the forest becomes a climatic community with a
dynamic steady state (Meng et al, 2023). In such cases, PAs’
conservation effectiveness might be judged as negative, based
merely on the relatively stable forest coverage inside PAs being
compared with that of the forest ecosystem outside PAs.

The outcomes of conservation effectiveness assessments rely on
the available data on PAs (Pereira et al., 2013), and data limitations
lead to incomplete results and restrict the potential applicability of
previous methods. Nowadays, with the development of remote
sensing and monitoring techniques, additional precise and
continuous data have been generated, such as forest changes from
annual remote sensing datasets (Hansen et al, 2013; Yang and
Huang, 2021), making it possible to identify PAs’ conservation
effectiveness by integrating the state and change in land cover (e.g.,
forest ecosystems) in a series of periods. According to previous
studies, “states” represents the baseline throughout the entire
assessment period, refers to the difference of assessment
indicators among samples from within and outside the PA (Feng
et al, 2022). “Trends” here specifically means whether significant
changes occur within the PA throughout the assessment period.
And the depiction of conservation effectiveness concerning
temporal changes corresponds to “relative changes”, which refers
to the differences in slopes derived from sample changes within PA
relative to those outside over the assessment period (Meng et al.,
2023). Related studies have also emphasized the importance of an
integrated framework which considers both the basic condition and
dynamic comparison (Meng et al., 2023), which could increase the
accuracy of conservation effectiveness assessments of PAs.

In this study, we selected the Three Parallel Rivers Region
(TPRR) as our study area. The TPRR is one of the global
biodiversity and cultural hotspots and a biodiversity epicenter in
China and has the richest biodiversity among temperate areas
worldwide (United Nations Educational Scientific and Cultural
Organization (UNESCO), 2003). Fifteen PAs have been
established in the TPRR, namely different levels of nature reserves
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and natural parks. As forests are the major ecosystem in the TPRR,
which is also the basis for realizing the value of PAs and other
ecosystem services, assessing conservation effectiveness is necessary
to achieve long-term protection goals (Lopoukhine et al, 2012;
Wang et al., 2021). Using the Annual China Land Cover Dataset
(CLCD) (2000-2020) produced by the Google Earth Engine (Yang
and Huang, 2021), we calculated the forest area for each year in the
TPRR and every PA established from 2000 to 2020. We then
constructed a framework that combined the state, trend, and
relative change in forest area to assess the conservation
effectiveness of each PA since 2000. Here, “state” refers to the
difference among samples from within and outside the PA, assessed
through yearly sample mean comparison. “Irend” means linear
regression of mean forest area of each PA throughout the
assessment period. And “relative change” means the difference in
the mean value of the slope of forest changes between the treated
samples inside each PA and their matched control samples outside
of PAs. Finally, we attempted to identify the critical factors and their
influence on the state and changes in forest areas in each PA. Our
aim for creating this framework was that it would improve the
accuracy of PA conservation effectiveness assessments and thus be
adopted in future global or country-level assessments.

2 Materials and methods
2.1 Study area

The TPRR is in the northwest of Yunnan, China (25°30'-29°00"
N, 98°00'-101°31" E), with a total area of 45,000 km?. The three

rivers are the Yangtze (Jinsha), Mekong (Lancang River), and Nu-
Salween, which run parallel from north to south. The region is in
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the southern part of the Hengduan Mountains, and its topography
is characterized by extremely high mountain ranges and deep
valleys (Lin et al., 2016). The TPRR contains subtropical,
temperate, cold temperate, cold mountain, dry-hot valley,
wetland, and aquatic vegetation types (Zhang et al., 2013), which
are vital for the regional-global ecology. In 2003, the TPRR was
listed as a World Heritage Site for its outstanding biodiversity,
geology, landscape, and rare and endangered species (United
Nations Educational Scientific and Cultural Organization
(UNESCO), 2003). In 2010, the UNESCO World Heritage Center
adopted a minor modification to the TPRR’s boundaries (Yunnan
Province, 2012).

There are fifteen PAs in the TPRR, including different levels of
nature reserves and parks (Table 1). One of the PAs, the
Gaoligongshan National Nature Reserve, is divided into three
parts (northern, middle, and southern subregions) as three PAs in
our study based on geographical location and climate; these parts
are managed by different districts and counties. Notably, we
excluded wetland PAs, such as the Lashihai Plateau Wetland
Provincial Nature Reserve and Qinghuadian National Wetland
Park. Thus, in this study, we analyzed forest changes in 14 PAs.

2.2 Methods

2.2.1 Calculation of forest area in TPRR

In this calculation, we used the 30 m annual land cover dataset
in China, the first Landsat-derived CLCD produced by the Google
Earth Engine, with 79.31% overall accuracy and 85.49% accuracy
for the forest category (Yang and Huang, 2021). The classification
system for this dataset includes nine major land covers, which are
cropland, forest, shrub, grassland, water, snow and ice, barren,

TABLE 1 List of all protected areas in the Three Parallel Rivers Region and their year of establishment.

No. Name of Protected Area Type Level Established year
1 Gaoligongshan National Nature Reserve Nature Reserve National 1983
2 Baima Snow Mountain National Nature Reserve Nature Reserve National 1983
3 Yunlong Tianchi National Nature Reserve Nature Reserve National 1983
4 Yulong Snow Mountain Nature Reserve Nature Reserve Provincial 1984
5 Habaxueshan Nature Reserve Nature Reserve Provincial 1984
6 Bitahai Nature Reserve Nature Reserve Provincial 1984
7 Napahai Nature Reserve Nature Reserve Provincial 1984
8 Lashihai Nature Reserve Nature Reserve Provincial 1998
9 Lanping Yunling Provincial Nature Reserve Nature Reserve Provincial 2006
10 Cuipingshan County Nature Reserve Nature Reserve County 2003
11 Mt.Yulong Snow-Glacier-Geological Park Natural Park National 1998
12 Feilai Temple National Forest Park Natural Park National 2000
13 Xinshenggiao National Forest Park Natural Park National 2001
14 Yulong Liming-Laojunshan National Geopark Natural Park National 2004
15 Qinghuadian National Wetland Park Natural Park National 2016
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impervious, and wetland. Forests include wooded land (>30%
cover), open woodland, and tracks, excluding new young
woodland and forest belts that are not recognizable from remote
sensing imagery (Liu et al., 2003, Liu et al,, 2018). We extracted
forest area data from the CLCD in the TPRR for 20 consecutive
years (2000-2020). We also calculated the forest area of all PAs for
each year from 2000 to 2020 by overlaying the vector boundary of
all PAs with the forest cover layer from the CLCD. All related spatial
analyses were performed using ArcGIS 10.6. Next, we fitted a linear
regression to the relationship between time on the x-axis and forest
area on the y-axis. According to the results of the linear regression,
the trend of the mean forest area (2000-2020) of each PA (FAtrend)
was increasing (P<0.05), steady (P>0.05), and decreasing (P<0.05).

2.2.2 Assessing each PA’s state and relative
change in forest area

For this study area, we selected areas inside and outside the PAs as
the treated and control sites. We created 1 km? grids of the entire TPRR
and assigned the grids inside and outside PAs with values of 1 and 0,
respectively. We used propensity score matching (PSM) to eliminate
the influence of differences in environmental factors on the sites, 6195
pairs of sites were matched. PSM is a matching method that calculates
the propensity score, which is the conditional probability of assignment
to a particular treatment given a vector of observed covariates, to
control for bias and achieve equalization (Rosenbaum and Rubin,
1983). Here, based on major geographic and anthropogenic factors that
may have an impact on matching, five control variables were
considered covariates: elevation, slope, soil, distance to the nearest
road, and distance to the nearest settlement. We calculated the values of
these five variables at the treated and control sites in ArcGIS 10.6 by
using Zonal Statistics, and completed the matching. PSM was
accomplished in R version 4.3.0 with the ‘MatchIt’ package, the
‘nearest’ method was selected, and the caliper value was set to 0.2
(Cuenca et al., 2016). Therefore, the control sites outside the PAs could
be counterfactual areas of the PAs, as matched unprotected areas,
because there are no unprotected blank control samples of the same
time period (Ferraro, 2009). Owing to the large north-south span of the
TPRR, we selected control sites within a 10-50 km buffer region
around each PA to avoid the spillover effect of PAs on their
unprotected adjacent surroundings (Fuller et al., 2019) and removed
grids that were overlaid by other PAs or their 0-10 km buffer regions.

We calculated the forest area of the treated and control sites in
ArcGIS 10.6 by using Zonal Statistics from 2000 to 2020. For each
PA, we compared the differences in the mean forest area for each
year between the treated grids inside each PA and their matched
control grids to test the state of the PA (FAstate). Because the forest
areas as the dependent variable are correlated, we chose a mixed
linear model (tested using “lme4” in R) to compare the differences
of matched samples for each PAs. We chose mixed linear model
because this model does not require a normal distribution as well as
independence between samples, and also takes into account the
correlation between years and groups. We set forest area as the
response variable, inside and outside sample groups as fixed effects,

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1321974

and year as a random effect. According to the results of linear mixed
model, PAs were in a good state when the mean value of the forest
area of the treated grids was significantly higher than that of the
matched control grids (P<0.05); in a moderate state when the mean
value of the forest area of the treated grids showed no significant
difference compared with that of the matched control grids
(P>0.05); and in a bad state when the mean value of the forest
area of the treated grids was significantly lower than that of the
matched control grids (P<0.05).

For the relative change in each PA (FAchange), we compared the
difference in the mean value of the slope of forest changes (2000-2020)
between the treated grids inside each PA and their matched control
grids. According to the Wilcoxon signed ranks test in R version 4.3.0,
those PAs were increasing when the slope of forest changes in treated
grids was significantly higher than that of the matched control grids
(P<0.05); relatively steady when the slope of forest changes in treated
grids showed no significant difference compared with that of the
matched control grids (P>0.05); and decreasing when the slope of
the forest changes in the treated grids was significantly lower than that
of the matched control grids (P<0.05).

2.2.3 Framework of conservation effectiveness
assessment by integrating the state, trend, and
relative change in the forest area of PAs

We developed a comprehensive framework by integrating the
status, trends, and relative changes in the forest area of natural
reserves, aiming to explore the assessment of natural reserve
effectiveness in protecting forest ecosystems (Figure 1). This
framework consists of three primary steps, each entailing distinct
assessments that could impact the final outcome. Initially, the first
step entails categorizing the baseline conditions of natural reserves
into three distinct states (i.e., good, moderate, and bad) (Figure 1A).
Subsequently, the second step involves determining the trajectory of
natural reserves under various conditions (i.e., increasing, steady,
and decreasing), resulting in nine possible scenarios (see Figure 1B).
Lastly, the third step entails categorizing the outcomes of relative
changes based on the situations identified in the preceding steps.
Each gray arrow in the figure denotes the test results of relative
changes corresponding to their respective categories, resulting in a
total of 27 scenarios (see Figure 1C). In summary, each step entails
the categorization of test results.

Our framework differs from previous studies in two ways. When
PAs with good states showed an increasing or steady trend, they were
considered to have positive impacts, regardless of the relative changes
found. When PAs with bad states showed a decreasing or steady
trend, they were considered to have negative impacts, regardless of
the relative changes found. The remaining PAs in other situations
were considered to have positive, nonsignificant, or negative impacts
according to commonly used methods in the literature (Ren et al.,
2015; Bowker et al, 2017; Liu et al, 2022): PAs with relative
increasing forest areas had positive impacts, PAs with relatively
steady forest changes had nonsignificant impacts, and PAs with
relative decreasing forest areas had negative impacts (Figure 1C).
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FIGURE 1
The framework of conservation effectiveness assessment by integrating the state, trend, and relative change in forest area of PAs. FAstate refers to
the state of the forest area; FAtrend refers to the forest trend; FAchange refers to the relative change in the forest area. Step 1 divides the states into
three types: good, moderate, and bad. Step 2 identifies the trend of PAs: increasing, steady, and decreasing. Step 3 explores conservation
effectiveness by making judgments according to the relative change in PAs in different situations. Inside the dotted red border, the three types of
gray arrows represent the results of relative change, the upward arrow represents a relative increasing change, horizontal arrows represent a relative
steady change, and downward arrows represent a relative decreasing change. The three colors of the background denote the results of the
conservation effectiveness situation: green, positive; orange, nonsignificant; and red, negative.

2.2.4 Analysis of factors affecting states and
relative changes

To explore possible factors influencing the conservation
effectiveness of PAs and the extent of their influence, the state and
relative changes in PAs were treated as independent variables. We
take the 6,195 treated samples inside PAs from the previous matched
samples as objects. Then we assigned the dependent variable a value
of 1 for positively significant, 0 for non-significant, and -1 for
negatively significant, based on the results of the tests for each PA

in terms of state and relative change, separately. We selected several
factors affecting the states and relative changes from natural factors,
human interference, and management levels as dependent variables
Natural factors included elevation, slope, mean annual temperature,
and total annual precipitation. Human interference included the
distance to the nearest road, change in distance to the nearest road,
initial population density (2000), and changes in population density.
Management level was a categorical variable with ranks of 1 (national
nature reserves), 2 (provincial- and county-level nature reserves), and
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FIGURE 2

(A) Changes in forest area in TPRR, 2000-2020. (B) Changes in forest area in PAs, 2000-2020.
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3 (national natural parks). We then used the random forest regression

model in R version 4.3.0 to identify the major factors (Cao et al,

2021). The percentage increase in the mean squared error was used to

compare the importance of these factors. Partial dependence analyses

were used to identify the relationships between major and

independent variables.

3 Results

10.3389/fevo.2024.1321974

3.1 Changes and trends in forest areas

For the entire region of the TPRR, the total area of the forest

ecosystem was 34,700 km? in 2020, and forest coverage was 76.8%.
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Reserve; (H) Mt.Yulong Snow-Glacier-Geological Park; (I) Yulong Snow Mountain Nature Reserve; (J) Feilai Temple National Forest Park; (K) Napahai
Nature Reserve; (L) Northern Section of Gaoligongshan National Nature Reserve; (M) Habaxueshan Nature Reserve; (N) Yulong Liming-Laojunshan

National Geopark. Red points refer to matched treated grids in each PA; blue points refer to matched control grids outside each PA.
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From 2000 to 2020, this trend showed a significant increase (R2 =
0.753, P<0.05) (Figure 2A) of 2%. During the first seven years
(2000-2006), the forest area showed substantial growth and reached
its first peak in 2006. The growth trends fluctuated. From 2015 to
2020, the forest area resumed a steady growth trend.

For all PAs in the TPRR, changes in forest area also showed a
significant increase (R* = 0.919, P<0.05) (Figure 2B). By the end of
2020, the forest area was 6,390 km? in the PAs, a 2% increase from
2000. There was a large increase from 2000 to 2006 in all PAs, similar
to the trends observed in the entire region. However, in contrast with
the TPRR, the growth trends of the forest area from 2007 to 2012
were close to the fitted curve. After 2012, the magnitude of change in
forest area in PAs gradually increased. Most PAs (n=13) in the TPRR
have shown significant increasing trends over the past 20 years,
(Figures 3A-M) except for the Yulong Liming-Laojunshan National
Geopark, which had a stable tendency (Figure 3N).

3.2 State and relative change in each
PA’s forest

The results of the Wilcoxon tests indicated that of the forest
ecosystems of the fourteen PAs, eight were in a good state, where
the mean values of the forest area of the treated grids were
significantly higher than those of the matched control grids
(P<0.05) over the past 20 years; one was in a moderate state; and
five were in a bad state. For relative changes in forest areas, of the
fourteen PAs, four PAs showed a relative increase in the slope of
forest changes in their treated grids, which was significantly higher
than that of the matched control grids (P<0.05); four PAs showed
relatively nonsignificant changes, and 6 PAs showed relatively
decreasing trends from 2000 to 2020 (Table 2). According to the
framework of conservation effectiveness assessment, by integrating
the state, trend, and relative change in the PAs’ forest areas
(Figure 1), of the fourteen PAs, we identified twelve PAs with
positive effects and two PAs with nonsignificant effects (Figure 4).

10.3389/fevo.2024.1321974

3.3 Major factors

All PAs (n=13) except for one that showed a steady trend
showed significant increasing trends. Notably, we only identified
the major factors affecting the states and relative changes in PAs.

3.3.1 Major factors affecting the states of PAs

Random forest regression analysis showed that all independent
variables were relevant factors affecting the state of the forest, with an
explanatory rate of 96.09% (Figure 5A). Among the nine factors,
annual total precipitation was the most important. The partial
dependence plots showed that the forest ecosystems of PAs were
maintained in the best state when the annual total precipitation
ranged from 600 to 700 mm and from 1100 to 1200 mm (Figure 5B).
The distance to the nearest road was the most important factor, and
the best range should be from 0 to 20 km to maintain a good state in
PAs (Figure 5C). Change in distance to the nearest roads was the
third most important factor, and PAs’ forests were in a good state
when they were close to zero (Figure 5D). Notably, the results also
showed that management level was an important factor for the
dependent variable, which indicated that national PAs (nature
reserves and natural parks) were in a better state than local
(provincial- and county-level) nature reserves (Figure 5E). The
remaining independent variables also contribute to some extent
(Figures 5F-]).

3.3.2 Major factors affecting relative changes
in PAs

Random forest regression analysis showed that all parameters
were important factors affecting the relative change in the forest areas
of PAs, with an explanatory rate of 95.19% (Figure 6A). Similar to the
factors affecting the state of PAs’ forests, annual total precipitation
was the most important factor. The partial dependence plots showed
that the relative changes in forest areas of PAs increased when the
annual total precipitation increased from 600 to 1000 mm and kept in
relative steady when the annual total precipitation was higher than
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(A) The main factors influencing the state indicators of PAs in the
random forest model are denoted by the percentage increase in the
mean squared error (%INcMSE). Pre: Annual total precipation; DTNR:
Distance to the nearest road; CDTNR: Change in the distance to the
nearest road; MR: Management rank; Temp: Annual mean temperature;
IPopD: Initial population density; PopDC: population density change.
(B—J) Response functions of state. Each panel shows the response of a
conservation effectiveness indicator across a single variable while
holding the other variables constant. Change in distance to the road is
expressed as the rate of change in distance to the road from 2000 to
2020. For management rank, 1 denotes the national nature reserves, 2
denotes local nature reserves, and 3 denotes the national natural park.
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(A) The main factors influencing the change indicators of PAs in
the random forest model denoted by the percentage increase in
the mean squared error (%INcMSE). Pre: Annual total precipation;
DTNR: Distance to the nearest road; CDTNR: Change in the
distance to the nearest road; MR: Management rank; Temp:
Annual mean temperature; IPopD: Initial population density;
PopDC: population density change. (B-J) Response functions of
relative change. Each panel shows the response of a conservation
effectiveness indicator across a single variable while holding the
other variables constant. Change in distance to the road is
expressed as the rate of change in distance to the road from 2000
to 2020. For management rank, 1 denotes the national nature
reserves, 2 denotes the local nature reserves, and 3 denotes the
national natural park.

frontiersin.org



https://doi.org/10.3389/fevo.2024.1321974
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Shen et al.

10.3389/fevo.2024.1321974

TABLE 2 Linear mixed model test results for state and the Wilcoxon signed ranks test results for relative change.

[\ [o} Name of Protected Area S-t S-p RC-al RC-p
1 North of Gaoligongshan National Nature Reserve 93.2 P<0.001*** higher P<0.01**
2 Middle of Gaoligongshan National Nature Reserve -79.83 P<0.001*** lower P<0.001***
3 South of Gaoligongshan National Nature Reserve -64.19 P<0.001%%* lower P<0.001%+*
4 Baima Snow Mountain National Nature Reserve —62.88 P<0.001*** lower P<0.001***
5 Yulong Snow Mountain Nature Reserve 2.217 P<0.05* higher P<0.05%
6 Habaxueshan Nature Reserve 193.2 P<0.001%+* ns P>0.05
7 Bitahai Nature Reserve -133.7 P<0.001+** lower P<0.01%*
8 Napahai Nature Reserve 36.674 P<0.001+** higher P<0.05%
9 Lanping Yunling Provincial Nature Reserve -94.79 P<0.001*** lower P<0.001***
10 Cuipingshan County Nature Reserve -129.5 P<0.001*** ns P>0.05
11 Mt.Yulong Snow-Glacier-Geological Park 0.544 P>0.05 ns P>0.05
12 Feilai Temple National Forest Park 97.45 P<0.001*** higher P<0.05*
13 Xinshenggiao National Forest Park -78.65 P<0.001*** ns P>0.05
14 Yulong Liming-Laojunshan National Geopark —-87.58 P<0.001+** lower P<0.001%+*

S-tis the t-value of the Linear mixed model test, t<0 means that the treated sample is better than the matched samples, t>0 means that the matched sample is better than the treated samples, and s-

p is the p-value of the test.

RC-al is the alternative hypothesis for relative change in the Wilcoxon test, “higher” means that the treated sample is higher than the matched samples, “ns” means that that the treated sample has

no significant difference compared with the matched sample, “lower” means that the treated sample is lower than the matched samples, and RC-p is the p-value of the test.
"*" means significant at the 0.05 level, "**" means significant at the 0.01 level, "**" means significant at the 0.001 level.

1000 mm (Figure 6B). The distance to the nearest road was the
second most important factor, and the relative changes in forest areas
of PAs increased when the distance to the nearest road increased
from 20 to 40 km and remained in relative steady when the distance
to the nearest road was greater than 40 km (Figure 6C). The change in
distance to the nearest roads was the third most important factor, and
PAS’ forests were relatively decreasing when it close to 0 (Figure 6D).
PAs forests showed a relatively decreasing trend when the mean
annual temperature increased from 0 to 15°C (Figure 6E). Our results
showed that management level had less impact on the dependent
variable (Figure 5E). The remaining independent variables also
contribute to some extent (Figures 6F-]).

4 Discussion

This study constructed a framework for assessing conservation
effectiveness by classifying the results of the state, trend, and relative
change in forest areas in PAs by a three-step process. Other studies
have assessed the effectiveness of conservation based on relative
changes in one or more indicators (Jones et al., 2018; Young et al.,
2020; Graham et al, 2021; Zheng et al, 2021). This study also
integrated three dimensions from the perspective of time to avoid
misjudging conservation effectiveness. Because of the stabilization
of forests” ecosystems after the climax community (Huo et al., 2012;
Zhang et al., 2018), when PAs are in a good state (better than the
matched unprotected areas) and show increasing or steady trends
during the study period, they could be considered to have positive
effects in protecting forests regardless of the relative changes found.
By contrast, merely comparing deforestation rates within PAs with
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rates in matched unprotected areas to represent conservation
effectiveness may ignore the steady situation and underestimate
some positive results (Wolf et al., 2021). Our results revealed that 12
(86%) of the PAs had a positive effect, and two had a nonsignificant
effect. Among these twelve PAs, the 50% (n=7) with a relative
decrease would be considered to have a negative effect according to
the traditional method. Notably, if, in this study, we only assessed
the conservation effectiveness according to the results of relative
change, as performed in the literature, our conclusion would be
misjudged (Wade et al., 2020; Rahman and Islam, 2021). Our
methods avoid underestimation and facilitate suitable judgment
specifically aimed at PAs that may achieve a climax community.

Overall, forest area in the TPRR and all the PAs showed a volatile
increase since 2000, revealing a generally increasing trend that may be
closely related to obtaining membership in the World Nature Heritage
Site in 2003 (United Nations Educational Scientific and Cultural
Organization (UNESCO), 2003). Except the rapid growth in 2003,
another peak was probably associated with the minor boundary
modification inscribed in 2010 that acquired approval from the State
Council in 2012 (Yunnan Province, 2012), which stimulated the
conservation of the entire region. Studies have also confirmed that
policy changes were able to be attributed to a series of factors affecting
forest area change dynamics (Feng et al., 2021), and changes in the
surrounding landscape affect biodiversity and ecosystem functions
(Marques et al., 2022), indicating that a holistic protection policy on
a regional scale, particularly in biodiversity hotspots, is essential
and effective.

The analysis of potential factors that affect PAs™ conservation
effectiveness demonstrated that annual total precipitation was the
most important factor for the dependent variables of state and
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relative change. PAs with annual total precipitation from 600 to 700
mm and higher than 1000 mm were additionally likely to be in a
good state and have a relatively increasing trend, that is, a positive
effect. Temperature is also a major factor in PAs’ conservation
effectiveness and is the most important factor affecting vegetation
growth (Pan et al,, 2015; Li et al., 2020). However, from 10 to 15°C,
annual temperature showed different impacts on the states and
relative changes in PAs. The reason for these differences may be the
variation in topography and elevation among PAs, where growing
reasons vary (e.g., high elevation in the Baima Snow Mountain
National Nature Reserve and low mountain areas in Xinshengqiao
National Forest Park). Studies have also shown that meteorological
factors, such as precipitation and temperature, are major factors
affecting the effectiveness of PAs in maintaining ecosystem services
(Cao et al., 2021).

Human impacts, such as road construction and management,
also play influential roles in PAs’ conservation effectiveness to some
extent. Regarding distance to the nearest road, different impacts
were found on the states and relative changes in PAs. PAs 0-20 km
from the nearest road were more likely to be in a good state, and
PAs 20-40 km from the nearest road were more likely to show a
relatively increasing trend. Thus, surrounding roads are conducive
to the state of PAs’ forests within a certain range because roads
within or near PAs might facilitate patrolling. It has also been
shown that species richness increases with elevation and distance
from the edge of the protected area, and that species assemblage
categories differ by distance, supporting the differences in the
impact of roads on conservation effectiveness (Ji et al., 2022).
That deforestation declined as the distance from the road
increased (Barber et al., 2014; Milien et al., 2021) illustrates that
the relative change in PAs’ forest areas would be higher when the
distance to the nearest road was longer than 40 km. At the
management level, nature reserves are commonly assumed to be
lands with higher levels of protection and management compared
to natural park. However, the states of local (provincial- and
county-level) nature reserves performed worse than national
natural parks. This finding may be similar to that in the literature
that the threat level of national PAs is lower than that of local PAs in
the TPRR (Ye et al,, 2015). We suggest that local administration
departments focus on the threats of provincial- and county-level
nature reserves and enhance improvement initiatives. Therefore,
the overall conservation of World Heritage Sites is promoted by this
type of effectiveness assessment (Allan et al.,, 2017).

5 Conclusion

In this study, we established a framework through a series of
judgments according to the states, trends, and relative changes in
PAs’ forested areas. A case study of the TPPR implied that the
framework would be more useful in regions with high biodiversity
and steady ecosystems. This framework can better avoid
underestimation in conservation effectiveness assessment tasks
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than traditional methods can. Thus, we posit that this framework
is suitable for future global or country-level assessments.
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