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Abstract

Protected areas (PAs) are considered essential for maintaining biodiversity. Several

governments would like to strengthen the management levels of their PAs (as shorthand for a

hierarchy in PA administrative governance) to consolidate their conservation effectiveness. This

upgrade (e.g., from provincial- to national-level PAs) means stricter protection and increased funds

for PA management. However, confirming whether such an upgrade can produce the expected

positive outcomes is key given limited conservation funds. Here, we used the Propensity Score

Matching (PSM) method to quantify the impacts of upgrading PAs (i.e., from provincial to national)
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on vegetation growth on the Tibetan Plateau (TP). We found that the impacts of PA’s upgrading can

be divided into two impact types: 1) curbed or reversed declines in conservation effectiveness and

2) rapidly increased conservation effectiveness before the upgrade. These results indicate that the

PA’s upgrading process (including the pre-upgrade operations) can improve PA effectiveness.

Nevertheless, the gains did not always occur after the official upgrade. This study demonstrated that

in comparison to other PAs, those with more resources or stronger management policies were more

effective.

Keywords: Protected areas; Nature reserves; Conservation effectiveness; Conservation

management; Tibetan Plateau; Vegetation growth

1. Introduction

Protected areas (PAs) are key for safeguarding biodiversity, preserving ecosystem health, and

protecting ecosystem services supply (Watson et al., 2014; Adams et al., 2019; Maxwell et al., 2020).

Effective PA management is critical for supporting multiple global strategies, including the

Sustainable Development Goals (SDGs), the Convention on Biological Diversity (CBD), and the

Paris Agreement (Blicharska et al., 2019; Zeng et al., 2022). There are two ways to improve PA

benefits: expanding the area of PAs and/or enhancing their management (e.g., raising the PA

management level or increasing management regulations). The debate over the most appropriate of

these two approaches has increased recently (e.g., Gray et al., 2016; Adams et al., 2019; Maxwell

et al., 2020) because achieving conservation targets involves economic costs that need to be

considered.
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To jointly halt ongoing biodiversity loss, ecosystem degradation, and the climate crisis, the Post-

2020 Global Biodiversity Framework was proposed to protect at least 30% of the planet by 2030

(CBD, 2021). Several conservationists have argued that half the planet needs to be protected by

2050 (Pimm et al., 2018). Additionally, some scholars have shown that expanding PAs can benefit

biodiversity, ecosystem services supply and climate change mitigation (e.g., Zeng et al., 2022;

Sreekar et al., 2022). However, establishing large PAs restricts economic activities and resource

exploitation and may increase land use conflicts. This expansion has important economic costs. For

example, it is estimated that to meet the 30% target, which will cost between $103 billion and $177

billion annually, more resources will be needed (Waldron et al., 2020). In addition, expanding PAs

with resource shortfalls will decrease the budget per area (Adams et al., 2019; Coad et al., 2019).

Without adequate funding to support PA management, conservation targets will be hard to achieve

(Wu et al.,, 2011; Blackman et al., 2015). Therefore, to prevent the abovementioned issues, it is

essential to strengthen PA management levels instead of expanding their coverage area (Adams et

al., 2019).

Some studies have revealed that where management is better resourced or involves stronger

regulations, PA effectiveness is higher (e.g., Bowker et al., 2017; Geldmann et al., 2018; Zhao et al.,

2019), while other studies showed the opposite (e.g., Andam et al., 2008). However, these studies

usually compared several groups of PAs with different management levels. Such a comparison is

challenging because the methods used are often biased due to poor sample comparability across

geographic locations, climatic conditions, and socioeconomic contexts (Andam et al., 2008; Gatiso

et al., 2022). In addition, current PA effectiveness evaluations are based on comparing a few
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snapshots in time (e.g., Geldmann et al., 2018; Zhao et al., 2019; Hua et al., 2022b); thus,

comparisons need to be extended over time. The assessment of PA effectiveness in two periods can

be affected by specific weather conditions (e.g., droughts) or policy events (the launch of forest

protection laws), which can lead to an overestimation or underestimation of PA effectiveness.

Moreover, the evolution of effectiveness over successive timescales needs to be better quantified.

Therefore, a continuous annual PA effectiveness assessment is essential. Additionally, contrasting

PA effectiveness before and after a management level change can show the effects of the PA’s

upgrading on its effectiveness.

The Tibetan Plateau (TP) is considered a biodiversity hotspot (Myers et al., 2000). One-third

of the TP is covered by a dense network of large nature reserves (NRs, the main category of PAs in

China). Some studies have shown that establishing these NRs increased vegetation productivity

(Zhang et al., 2015) and reduced human activities (Li et al., 2018). Others expressed their concerns

regarding the human footprint increase in NRs, which may compromise the benefits of NRs (Li et

al., 2018; Hua et al., 2022a). NRs in China can be classified into county, city, province, and national

NR levels (The Central Government of China, 2011). Compared to other levels, national NRs are

financially supported by the national government and have more funding sources. They also have

stricter regulations, such as grazing control and infrastructure construction (The Central

Government of China, 2011). The human activities in national NRs’ core zones require

administrative approval. Additionally, national NRs employ a high number of specialists. More than

70% of the China NRs are located on the TP, which requires a substantial investment in this area.

Nevertheless, it is still unknown whether upgrading NR management levels improves conservation
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effectiveness.

The objective of our work was to determine whether upgrading from the provincial to the

national level influences PA effectiveness in terms of promoting vegetation growth on the TP. Thus,

we used the Propensity Score Matching (PSM) to quantify the effect of PA’s upgrading on the

Normalised Difference Vegetation Index (NDVI). The findings will improve our understanding of

PA’s upgrading role and help optimise management to improve vegetation greenness.

2. Materials and Methods

2.1 Study area

The TP is located in southwestern China and is widely regarded as "the Water Tower of Asia"

and “the Third Pole of the Earth” (Yao et al., 2022). It supplies several ecosystem services, such as

food and water (Hou et al., 2020; Hua et al., 2021). The TP has harsh climatic conditions and

vulnerable ecosystems. Annual precipitation is lower than 1000 mm, and the average elevation is

over 4000 m above sea level. Since the 1980s, NRs have been extensively established on the TP

(Fig. 1) to protect biodiversity and vulnerable ecosystems. Several policies, such as grazing

restrictions or prohibitions, have been applied. Nevertheless, in recent years, in several TP NRs,

intensive human activities, such as overgrazing, infrastructure construction, and tourism growth,

reduced NRs’ conservation effectiveness (Hua et al., 2022a; Jing et al., 2022). Therefore, there are

still several concerns regarding PA success on the TP.
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H. Qilian Mountain National Natural Reserve
I. Lop Nur National Natural Reserve
J. Mount Qomolangma National Nature Reserve

A. ChangTang National Natural Reserve
B. Altun National Nature Reserve
C. Hoh Xil National Nature Reserve

D. Selinco National Nature Reserve
E. Sanjiangyuan National Natural Reserve
F. Qinghai Lake National Nature Reserve

K. Haizishan National Natural Reserve
L. Gongga Mountain National Nature Reserve
M. Wolong National Nature Reserve

G. Yarlung Zangbu Grand Canyon National Nature Reserve

Figure 1. TP NRs distribution and the date of their upgrading to the national level. Major NR’s are

labelled as A—-M. More details are shown in Tab. S1.

2.2 Data and preprocessing

We used the NDVI data from MOD13A1 with a spatial resolution of 500 m to assess vegetation

dynamics (Tab. 1). The NDVI dataset was aggregated into annual values using the Maximum Value

Composite (MVC). This method reduced atmospheric noise and cloud cover effects (Huete et al.,

2002). If pixels had an annual NDVI value lower than 0.1, then they were treated as non-vegetated

and not considered in further analysis. Annual NDVI values from 2001 to 2020 were obtained from

Google Earth Engine (GEE, https://earthengine.google.com/). Digital elevation model (DEM), NR

boundaries, climate, roads, and settlement data were also collected (Tab. 1). The date when NRs

were upgraded from the provincial to the national level was obtained from the People's Republic of
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China Ministry of Ecology and Environment.

2.3 Estimation of PA effectiveness on vegetation growth

2.3.1 Propensity Score Matching (PSM) method

In our research, the effectiveness assessment was based on how the presence of PAs increased

vegetation greenness. NDVT has been previously used as a proxy for habitat quality (Ma et al., 2022)

and is indicative of biodiversity conservation (Pettorelli et al., 2005, 2011) and conservation

effectiveness (e.g., Huges et al., 2016; Feng et al., 2021).

To quantify the effect of PAs on vegetation greenness, we compared PA NDVI changes (i.e.,

treatment group) and unprotected land (control group) from 2001 to 2020. We generated 100,000

random points in the areas where the mean NDVI was greater than 0.1. Approximately 30,000 points

were located inside PAs, and approximately 70,000 points were located outside PAs. To prevent

spatial autocorrelation, the distance between two sample points was set to at least 1 km (Bowker et

al., 2017). The random points located within the 10 km buffer zones of PAs were eliminated as

recommended in the literature (Ren et al., 2015; Ford et al., 2020).

Before applying the comparison method to quantify the effects of the PAs on vegetation

greenness, the PSM was used to improve the similarity between the treatment and control groups

(Schleicher et al., 2019) and reduce the bias (Joppa and Pfaff, 2010). It was assumed that a set of

covariates determined vegetation greenness. The matching method was then used to make the

covariate values in the treatment and control groups as similar as possible. Therefore, the two groups

of random points differed solely in terms of whether they were protected (or not) to eliminate sample

selectivity bias and increase the comparability between groups. The NDVI change difference in the
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treatment and control groups after PSM processing reflected the conservation effectiveness of the
PAs.

The core idea of the PSM was to calculate sample propensity scores according to
multidimensional variables. Then, the propensity score was used as a distance function (according
to the nearest neighbour rules) to match the treatment and control groups. Tab. S2 shows that
elevation, slope, annual mean temperature (2000 — 2015), annual mean precipitation (2000 —
2020), distance to settlements, and distance to roads were selected as covariates that potentially
affected vegetation greenness based on Ament & Cumming (2016), Ren et al. (2015), and Ford et
al. (2020). A stepwise regression was applied to identify the variables with the highest explanatory
power. Thus, elevation, annual mean precipitation, and distance to settlements were identified as the
final covariates to use in the PSM with an adjusted R? of 0.635. The NDVI values for 2001 were
also included as one of the covariates since we wanted to approximate the initial vegetation status
in the treatment and control. Stepwise regression was carried out with the Statistical Package for
Social Science (SPSS 22), and the PSM method was carried out using the R package ‘Matchlt’ (Ho
et al., 2018). We set a standard deviation calliper of 0.25 for each covariate during the matching
process and used a t test (significant differences were considered at p <0.05) for covariates before
matching to improve the matched point pairs' quality. The number of matched points in each NR

and PSM balance test result are shown in Tab. S3.

2.3.2 Effectiveness estimation

The ratio of the cumulative value of the annual NDVI of the treatment groups to that of the
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control groups outside the NRs was used as the effectiveness metric (£y, in formula (1)). To quantify
the effectiveness, after PSM processing, we annually counted the NDVI value within the treatments
( %'501 Vi 1%,';) and their corresponding controls ( %01 Vlfllgn_ ~vgr)- The NDVI value of each year was
considered the NR effectiveness calculation, which addressed the problem of considering only a
few time nodes of NDVI when calculating effectiveness. Furthermore, the ratio of the two was
multiplied by the correction coefficient a to obtain the metric effectiveness.

where VI g,/; refers to the average NDVI within the treatments for a given year yr. 327301 Vi 1%,’;
refers to the NDVI sum within the treatments from 2001 to a given year yr. VI%’ gn_ ng refers to the
average NDVI within the matching controls for a given year yr. 2%01 Vlfllgn_ vg refers to the sum
of the average NDVI within the matching controls from 2001 to a given year yr. E,,refers to the NR
effectiveness and reflects the NR cumulative effect on improving NDVI from 2001 to yr. o is the
correction coefficient. The introduction of a can correct the £y, initial state to 1. If E), is greater than
1, then it indicates a positive effect and vice versa. If £, is 1 + x%, then the PA cumulative effect
on vegetation growth from 2001 to yr is x%. Formula (1) was used to calculate the effectiveness of
each NR. The formula's input is the yearly NDVI value of the NR treatment group and its matched
control group after PSM analysis. We assessed the NR conservation effectiveness trend and
cumulative effect with this formula.

The correction coefficient a was the NDVI cumulative sum reciprocal observed in the first

three years (treatments and controls) (formula (2)).

= Zggg?‘”ﬂ )
23003 VIng
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The correction coefficient a was based on the relationship between the NDVI of the
treatment and control groups in the previous three years (i.e., 2001 - 2003), correcting the value
calculated for 2003 in formula (1) to 1. Therefore, the effectiveness calculation started in 2003
with an initial Ey, of 1, and the calculated effectiveness (Eyr) for the subsequent years was
compared with 1. In addition, we considered two other correction coefficients (see Supplementary
Material for details).

After calculating each NR’s effectiveness, the total NR’s effectiveness was evaluated using
formula (3). This formula considered the proportion of one NR’s NDVI to all NRs’ NDVI as a

weight.

Etotal — y51 _ NDVIng; x ENRi 3)
yr 1=1\5>1 NDVIyg, yr
i=1 i

where Ef,‘r’tal is the total effectiveness of all NRs on the TP for a given year yr. E;,Vf ' is the
effectiveness of a given NR (NVR)) in a given year (yr). Its calculation was based on formula (1). In
our research, we considered 51 NRs. NDVlIyp, is the sum of NDVI within a given NR (NR;), and
21 NDVIy g; 1s the sum of NDVI within all NRs. We considered the NDVI sum for each NR from
2001 to 2003, consistent with the correction coefficient o obtained in formula (2). Similarly, if
Ef9tel is greater than 1, it shows a positive effect of all NRs on the TP and vice versa. If EL2f! is
1+x%, all PAs’ cumulative effect on vegetation increased from 2001 to yr is x%.
2.3.3 NRs upgrading effect
Our analysis was mainly focused on the NR’s upgrading effect from the provincial to the
national level. A linear fitting was conducted for the NRs at the provincial (2003 to the year updated

to the national level) and national level stages (the year updated to the national level to 2020).

10
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Conservation effectiveness (£,,) was used as the dependent variable, and the corresponding year of
conservation effectiveness was the independent variable. The NRs’ upgrading effect was then
demonstrated by comparing the sign and slope of the two fitting lines before and after the upgrading
year. Due to the availability of vegetation data and the linear fitting data input requirement, we only
considered NRs upgraded to a national level between 2005 and 2015.

3. Results and discussion

3.1 NR effectiveness and evolution

The results showed that NRs had a total weak effectiveness (Ef,‘r’t“l: 1.0057) in the past two
decades. This result indicated that PA establishment could increase the NDVI by 0.57% (Fig. 2a).
Additionally, the total effectiveness of the PAs showed a decreasing fluctuating trend. We identified
a peak in 2005 (Ef,‘r’tal: 1.0087) and a decline from 2005 to 2009 and 2012 to 2017, respectively
(Fig. 2a).

Thirty-one NRs had positive cumulative effects from 2001 to 2020, accounting for 44.9% of
the PAs. Most were located in the centre and east of the study area. The reduced total effectiveness
was mainly because Changtang NR, the largest of the TP’s NRs, had a very weak negative
cumulative effect (E,-: 0.992). From 2005 to 2012, the conservation effectiveness of Sanjiangyuan
NR and Hoh Xil NR increased substantially. The cumulative effect of several small-size NRs (e.g.,
Yading and Haizishan NRs) located southeast of the TP shifted from negative to positive (Fig. 2b,
d). Fig. 2f shows that the change in effectiveness transformation occurred in two phases (from 2005
to 2009 and from 2012 to 2017). The first phase mainly transformed between two conservation

effectiveness types with E. values of “1-1.01” and “1.01-1.03”. The second phase mainly

11
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Figure 2. Evolution of NRs’ effectiveness in TP. (a) is the NRs total effectiveness trend in TP. The

calculation of total effectiveness was based on formula (3). b—e) is the effectiveness of each NR on

NDVTI in different time nodes. The calculations were based on formula (1). The choice of time nodes

in panels (b—e) was based on the stage division of the effectiveness’ evolution in a). f) shows the

shifts between different effectiveness types from 2005 to 2009 (left) and from 2012 to 2017 (right).

The direction pointed by the arrow's end and the arrow's colour is the effectiveness types for the

first-time node. The arrow's direction and corresponding colour are the effectiveness types for the

second time node. The arrow's width indicates the area of the effectiveness shifts, and the number
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around the circle indicates the area (unit: 10* km?). Six effectiveness types were considered in the
legend, and different colours represent different effectiveness, which was calculated according to

E,, in formula (1).

Comparing our results to those obtained in other countries, such as South Africa (Ament and
Cunmming, 2016) and Brazil (Gongalves-Souza et al., 2021), the relative contribution of NRs to TP
was relatively low (0.57%). Similar findings were identified by Zhao et al. (2019) in Southwest
China, where a small relative contribution (1%) was identified. This could be attributed to the
implementation of large-scale ecological restoration programs on the TP, which improved the
vegetation growth baseline (control group). These restoration programs reduced the differences
between the treatment group (inside PAs) and the control group (outside PAS). Since the late 1990s,
the Chinese government has launched several large ecological restoration programs on the TP, such
as the Grain for Green Program and the Natural Forest Protection Program (Bryan et al., 2018).
Since then, a greening trend has been detected (Cai et al., 2015; Xu et al., 2016; Ning et al., 2022).
This partly concealed the effectiveness of the PAs. In particular, since the launch of the first and
second phases of the Sanjiangyuan ecological protection and construction programs in 2005 and
2014, respectively, PA effectiveness has continuously declined. However, it was still positive (Fig.
2a).

3.2 Upgrading effect of PAs on vegetation growth
Eleven NRs were upgraded to a national level between 2005 and 2015 on the TP. Among the

11 NRs, 3 NRs showed a decreasing trend in conservation effectiveness before upgrading to the

13
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national level. However, after upgrading, they showed an increasing trend in conservation

effectiveness (Fig. 3 b, g, k). Additionally, the negative Liziping NR conservation effectiveness

trend was reduced after the upgrading (Fig. 3d). In the other 5 NRs (Fig. 3. a, ¢, h, 1, j), conservation

effectiveness increased rapidly several years before the upgrade and subsequently slowed. In

contrast to the abovementioned results, the conservation effectiveness of the Qaidam Haloxyon

ammodendron forest NR (Fig. 3¢) and Xiaozhaizigou NR (Fig. 3f) declined rapidly after the upgrade.

Overall, the effects of upgrading on PAs fell into two categories: 1) curbed or reversed decline in

conservation effectiveness and 2) the conservation effectiveness increased rapidly before the

upgrade, slowing down subsequently.
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Figure 3. Upgrading effect of PAs on vegetation greenness. The Y-axis shows the effectiveness
according to Ey, calculated. The pink part (left) is the phase of NR at the provincial level, and the
green colour (right) is the phase of NR at the national level. The year corresponding to the
intersection of pink and green colour is the year of each NR upgrade. The red line is the fitting line,

and the blue (black) characters mark the slope and R? of the fitting line at the provincial (national)

level.
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perceive the PA’s upgrading as an administrative achievement and a potential source of tourism

income (Jim & Xu, 2004). Therefore, to successfully pass the scrutiny of the upgrading process,

local NRs increase investment and renovation efforts. It signifies that a few years before the official

upgrade to the national level, the local government has already increased its efforts and funding for

protecting and managing NRs. As a result, the effectiveness of upgrading NRs occurs before the

official upgrade. This partly explains the increased conservation effectiveness before the official

upgrade (e.g., Fig. 3. a, ¢, h, 1, j).

After the upgrading, the flat conservation effectiveness trend may be related to national NRs

embracing more advanced management concepts, such as ecosystem authenticity (Xia et al., 2021).

Management favours passive restoration (Crouzeilles et al., 2017) and natural ecosystem

recuperation without human impacts. Overall, considering the whole process of PA’s upgrading

(including the pre-upgrade operations), 9 out of 11 cases on the TP showed that upgrading PA’s

management level improved their effectiveness by promoting vegetation growth. Nevertheless, the

gains did not always occur after the official upgrade.

3.3 Potential causes of PA effectiveness

Infrastructure construction and overgrazing are the main drivers of decreased PA vegetation

growth. Expanding road and railway construction across PAs has increased vegetation loss and

habitat fragmentation (Huang et al., 2019; Hua et al., 2022a), hampering conservation effectiveness.

Grazing is the primary source of income on the TP (Li et al., 2013; Fan et al., 2015). Long-term

overgrazing or poor grazing management has resulted in alpine grassland degradation (Cai et al.,

2015). For example, the residents in Selinco NR live in extreme poverty, which pressures them to
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expand grazing activities (Yang & Yang, 2021). Long-term overgrazing increases grassland

degradation, negatively affecting the conservation effectiveness of PAs (Fig. 2b). For instance,

Mount Qomolangma NR did not implement grazing prohibitions and relied on the grass-livestock

balance incentive policy (Gan, 2019). However, the livestock pressure in the region has been high,

partly explaining this reserve's poor performance. In the Sanjiangyuan NR, some ecological

restoration and eco-compensation programs (e.g., “Retire livestock and restore grassland” in 2003)

were launched to reduce the grazing impact on NRs (Wang et al., 2018). Therefore, as expected,

there has been an increase in conservation effectiveness in the Sanjiangyuan NR and its surrounding

NRs (Fig. 2b, ¢, d). In addition, the impact of climate change must be considered. From 1970 to

2010, the climate in northwestern Tibet had a warming and drying trend, reducing grass growth.

This partly explains the negative conservation effectiveness observed in the Changtang NR (Fig.

2e), as Zhang et al. (2015) identified.

3.4 Upgrading management level vs. expanding PAs.

Two typical approaches were used to improve PA outcomes: upgrading the management level

and expanding PA’s coverage. Expanding PA coverage is useful for improving the representativeness

of conservation objectives (Fig. 4). Some scholars have expressed concerns about the low

representation of PAs on the TP. They highlighted the importance of protecting the southeastern part

of the plateau because of its high biodiversity and ecosystem services supply (e.g., Li et al., 2020).

The low PA representativeness on the TP is mainly due to the lack of a clear conservation strategy

and information (e.g., biodiversity and ecosystem services maps) when PAs are designed (Wu et al.,
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2011; Wu et al., 2018). Expanding PAs often requires large investments, such as direct management
costs (e.g., daily operation, infrastructure, and equipment costs) and opportunity costs from
alternative land use (Chen, 2020). It was estimated that PA opportunity costs account for 98.3% of
total costs in China (Yang & Wu, 2019). Local government and people support these costs and a
potential loss of revenue. Consequently, PA expansion is often perceived as a barrier to economic
development and a constraint on local people's livelihoods (Chen et al., 2017). Therefore, assessing
the trade-offs associated with PA expansion (e.g., Gray et al., 2016; Adams et al., 2019; Chen, 2021)

is paramount.
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Figure 4. Tradeoffs between cost, representativeness, and effectiveness of the two approaches

(upgrading management level VS expanding PAs).

Our analysis revealed that upgrading PAs management levels can improve their conservation

effectiveness (Fig. 3). In comparison to provincial NRs, national NRs are generally better funded,

have stricter monitoring and protection, and receive more scientific attention (Zhang et al., 2017;

Feng et al., 2021). Adequate financial investment and scientific research can strengthen ecosystem
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monitoring, which can support and guide PAs to adopt more appropriate measures to improve their

effectiveness (Hu et al., 2019). Nevertheless, as highlighted by previous scholars (e.g., Li et al.,

2020; Hua et al., 2022¢), more than upgrading PAs, it is necessary to narrow the TP conservation

gaps.

3.5 Policy implications for PA management

Our results demonstrated that PAs could play a key role in the greening observed on the TP,

indicating that restoration and conservation programs have contributed to vegetation improvement

in this region. However, several small-size NRs located in the southeast, Mount Qomolangma NR

and Selincuo NR, exhibited negative conservation effectiveness (Fig. 2). This is primarily related to

the deforestation or overgrazing conducted by residents around the reserves. Several PAs have large

areas collectively owned by local residents that have used their lands in the same way for decades

(Zhang et al., 2017). Conservation objectives and local community practices trigger conflict

between the PA residents and management authorities. Furthermore, PA management should

consider the effect of PAs on the wellbeing of PA neighbourhoods (Cumming & Allen, 2017). Some

solutions, such as payment for ecosystem services, land leasing and ecological migration, can be

established to achieve the targets of nature conservation and poverty alleviation.

Since economic activity is reduced on the TP, local governments need more revenue, and the

capacity for investment in conservation is reduced. The central government generally supports

national NRs financially, making them more sustainable. Therefore, TP local governments should

actively establish national NRs if the conditions permit. This can alleviate the local government's

financial burden for conservation and improve the expected conservation benefits. Furthermore,
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consistent and adequate funding can strengthen monitoring and research and increase staff. These

aspects are vital to improving PA effectiveness.

3.6 Limitations and future perspectives

Some limitations and uncertainties should be considered in further studies. First, a vegetation

index (NDVI) was used to measure PA effectiveness. It is a common practice (e.g., Huges et al.,

2016; Feng et al., 2021; Hua et al., 2022b) and has the advantage of time series availability.

Additionally, it indirectly reflects conservation effectiveness through habitat quality improvement

(Ma et al., 2022). Future research should consider more comprehensive metrics to depict

conservation effectiveness, such as human activities or invasive species. The matching methodology

has been widely used for the assessments of PA effectiveness, but it has some limitations. For

instance, matching effects depend on including the main determinants of vegetation growth, which

are only sometimes known. The lack of covariates may also limit the accuracy of effectiveness

quantification. Another concern is the different data resolutions (e.g., DEM data) and temporal

scales (e.g., annual mean temperature and precipitation), which can result in some errors in the

modelling process. These limitations were also highlighted in previous works (e.g., Gomes et al.,

2021). In addition to the method applied in this paper, the PAs’ upgrading effect can also be

quantified by comparing the performance between provincial-level (i.e., control group) and

national-level NRs (i.e., treatment group) with similar social and natural backgrounds. However,

the results also depend on the study area and data availability. Given the availability of vegetation

data to apply this method, we considered NRs upgraded to a national level between 2005 and 2015

(see Section 2.3.3 for details). Several TP NRs were upgraded to the national level before 2000.
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Thus, only a small number of NRs were used as a control group, posing a challenge to meet the

'matching’ method requirement. Additionally, the contribution of conservation programs (i.e., PAS)

and restoration programs (e.g., ecological engineering) to vegetation growth should be analysed

individually. This would be key to understanding their impacts on conservation effectiveness and

providing information for future PA management plans.

4. Conclusion

Before PA expansion, a thorough analysis must be conducted because of the limited

conservation budgets and substantial opportunity costs involved. Taking the TP’s PAs as examples,

this study examined the effect of upgrading PAs’ level on conservation effectiveness, one of the

most direct ways to enhance PA management. The process of PA’s upgrading, including the pre-

upgrade operations, effectively improved their conservation effectiveness. Nevertheless, the gains

did not always occur after the official upgrade. This highlights that upgrading PA’s level is essential

for maximising their potential to reduce biodiversity and vegetation loss. However, although aware

that upgrading PAs can address issues related to conservation effectiveness, there is a need to address

the representativeness problem. There are important conservation gaps in the southeastern part of

the TP, which has high ecosystem services and biodiversity values. Research on PA’s upgrading

effects can enhance our understanding of PA conservation effectiveness, which is essential for

identifying the potential benefits of improving management. This information can also serve as the

basis for decision-making and conservation optimisation.

21



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

Acknowledgements

This research was funded by the Second Tibetan Plateau Scientific Expedition and Research

Program (2019QZKKO0405), the National Natural Science Foundation of China (41861134038), the

Norwegian Research Council (No. 286773), and the Fundamental Research Funds for the Central

Universities. We sincerely thank Ms. Xuan Gao for writing improvement.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships

that could have appeared to influence the work reported in this paper.

References

Adams, V.M., Tacona, G.D. & Possingham, H.P.,, 2019. Weighing the benefits of expanding

protected areas versus managing existing ones. Nat Sustain 2, 404-411.

Ament, J.M., & Cumming, G.S., 2016. Scale dependency in effectiveness, isolation, and social-

ecological spillover of protected areas. Conservation Biology: The Journal of the Society for

Conservation Biology, 30(4), 846—855.

Andam, K. S., Ferraro, P. J., Pfaff, A., Sanchez-Azofeifa, G. A., & Robalino, J. A., 2008. Measuring

the effectiveness of protected area networks in reducing deforestation. Proceedings of the

National Academy of Sciences of the United States of America, 105(42), 16089—16094.

Blackman, A., Pfaff, A., & Robalino, J., 2015. Paper park performance: Mexico’s natural protected

areas in the 1990s. Global Environmental Change, 31, 50-61.

Blicharska, M., Smithers, R.J., Mikusinski, G., Rénnbdck, P., Harrison, P.A., Nilsson, M.,

Sutherland, W.J., 2019. Biodiversity’s contributions to sustainable development. Nat. Sustain.

22



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Bowker, J. N., De Vos, A., Ament, J. M., & Cumming, G.S., 2017. Effectiveness of Africa’s tropical

protected areas for maintaining forest cover. Conservation Biology, 31(3), 559-569.

Bryan, B.A., Gao, L., Ye, Y., Sun, X., Connor, J.D., Crossman, N.D., 2018. China’ s response to a

national land-system sustainability emergency. Nature.

Cai, H., Yang, X., Xu, X., 2015. Human-induced grassland degradation/restoration in the central

Tibetan Plateau: The effects of ecological protection and restoration projects. Ecol. Eng. 83,

112-119.

Chen, H., 2020. Land use tradeoffs associated with protected areas in China: Current state, existing

evaluation methods, and future application of ecosystem service valuation. Science of the Total

Environment, 711, 134688.

Chen, H., 2021. The ecosystem service value of maintaining and expanding terrestrial protected

areas in China. Sci. Total Environ. 781, 146768.

Chen, X., Lupi, F., & Liu, J., 2017. Accounting for ecosystem services in compensating for the costs

of effective conservation in protected areas. Biological Conservation, 215(September), 233—

240.

Coad, L., Watson, J. E., Geldmann, J., et al., 2019. Widespread shortfalls in protected area

resourcing undermine efforts to conserve biodiversity. Frontiers in Ecology and the

Environment, 17, 259-264.

Convention on Biological Diversity. Update of the zero draft of the post-2020 global biodiversity

framework. Retrieved from

https://www.cbd.int/doc/c/3064/749a/0t65ac7f9def86707f4cacta/post2020-prep-02-01-en.pdf

23



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

(2021).

Crouzeilles, R., Ferreira, M.S., Chazdon, R.L., Lindenmayer, D.B., Sansevero, J.B.B., Monteiro, L.,

Iribarrem, A., Latawiec, A.E., Strassburg, B.B.N., 2017. Ecological restoration success is

higher for natural regeneration than for active restoration in tropical forests. Sci. Adv. 3, 1-8.

Cumming, G.S. and Allen, C.R., 2017, Protected areas as social-ecological systems: perspectives

from resilience and social-ecological systems theory. Ecol Appl, 27: 1709-1717.

https://doi.org/10.1002/eap.1584

Fan, J., Xu, Y., Wang, C., Niu, Y., Chen, D., Sun, W., 2015. The effects of human activities on the

ecological environment of Tibet over the past half century. Chin. Sci. Bull. 60, 3057-3066.

Feng, C., Cao, M., Wang, W., Wang, H., Liu, F., Zhang, L., Du, J., Zhou, Y., Huang, W., Li, J., 2021.

Which management measures lead to better performance of China’s protected areas in reducing

forest loss? Sci. Total Environ. 764, 142895.

Feng, Y., Wang, Y., Su, H., Pan, J., Sun, Y., Zhu, J., Fang, J., & Tang, Z., 2021. Assessing the

effectiveness of global protected areas based on the difference in differences model. Ecological

Indicators, 130, 108078.

Ford, S. A., Jepsen, M. R., Kingston, N., Lewis, E., Brooks, T. M., MacSharry, B., & Fleishman, E.

(2020). Deforestation leakage undermines conservation value of tropical and subtropical forest

protected areas. Global Ecology and Biogeography, 29(11), 2014-202

Gan, C., 2019. Study on Performance Evaluation of Ecological Compensation Policies Based on

Farmers’ Perception in Qomolangma National Nature Reserve. Yunnan University. (in

Chinese)

24



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

Gatiso, T.T., Kulik, L., Bachmann, M. et al., 2022. Effectiveness of protected areas influenced by

socio-economic context. Nat Sustain 5, 861-868.

Geldmann, J., Burgess, N.D., Coad, L., Balmford, A., 2018. A global analysis of management

capacity and ecological outcomes in terrestrial protected areas. Conserv. Lett. 11, e12434.

Gomes, E., Inacio, M., Bogdzevi¢, K., Kalinauskas, M., Karnauskaité, D., Pereira P., 2021. Future

scenarios impact on land use change and habitat quality in Lithuania. Environ Res 197:111101

Gongalves-Souza, D., Vilela, B., Phalan, B., Dobrovolski, R., 2021. The role of protected areas in

maintaining natural vegetation in Brazil. Sci. Adv. 7. https://doi.org/10.1126/sciadv.abh2932

Gray, C.L., Hill, S.L.L., Newbold, T., Hudson, L.N., Boirger, L., Contu, S., Hoskins, A.J., Ferrier,

S., Purvis, A., Scharlemann, JPW, 2016. Local biodiversity is higher inside than outside

terrestrial protected areas worldwide. Nat. Commun. 7.

Ho, D., Imai, K., King, G., Stuart, E., Whitworth, A., 2018. Package ‘Matchlt’. Version.

Hou, Y., Zhao, W,, Liu, Y., Yang, S., Hu, X., Cherubini, F., 2020. Relationships of multiple landscape

services and their influencing factors on the Qinghai—Tibet Plateau. Landsc. Ecol. 3.

Hu, Y., Luo, Z., Chapman, C.A., Pimm, S.L., Turvey, S.T., Lawes, M.J., Peres, C.A., Lee, T.M., Fan,

P., 2019. Regional scientific research benefits threatened-species conservation. Natl. Sci. Rev.

6, 1076-1079.

Hua, T., Zhao, W., Cherubini, F., Hu, X., Pereira, P., 2021. Sensitivity and future exposure of

ecosystem services to climate change on the Tibetan Plateau of China. Landsc. Ecol. 36, 3451—

3471.

25



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Hua, T., Zhao, W., Cherubini, F., Hu, X., Pereira, P., 2022a. Continuous growth of human footprint

risks compromising the benefits of protected areas in the Qinghai-Tibet Plateau. Glob. Ecol.

Conserv. 34, €02053.

Hua, T., Zhao, W., Cherubini, F., Hu, X., Pereira, P., 2022b. Effectiveness of protected areas edges

on vegetation greenness, cover and productivity on the Tibetan Plateau, China. Landsc. Urban

Plan. 224, 104421.

Hua, T., Zhao, W., Cherubini, F., Hu, X., Pereira, P., 2022c¢. Strengthening protected areas for climate

refugia on the Tibetan Plateau, China. Biol. Conserv. 275, 109781.

https://doi.org/10.1016/j.biocon.2022.109781

Huang, Y., Fu, J., Wang, W., Li, J., 2019. Development of China’s nature reserves over the past 60

years: An overview. Land use policy 80, 224-232.

https://doi.org/10.1016/j.landusepol.2018.10.020

Huete, A., Didan, K., Miura, T., Rodriguez, E.P., Gao, X., & Ferreira, L.G., 2022. Overview of the

radiometric and biophysical performance of the MODIS vegetation indices. Remote Sensing

of Environment, 83(1-2), 195-213.

Hughes, K.A., Ireland, L.C., Convey, P., & Fleming, A. H., 2016. Assessing the effectiveness of

specially protected areas for conservation of Antarctica’s botanical diversity. Conservation

Biology, 30(1), 113-120.

Jiang, B., Xu, X.B., 2019. China needs to incorporate ecosystem services into wetland conservation

policies. Ecosyst. Serv. 37.

26



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

Jim, C.Y., Xu, S.S.W., 2004. Recent protected-area designation in China: An evaluation of

administrative and statutory procedures. Geogr. J. 170, 39-50.

Jing, H.C., Liu, Y.H., He, P, et al., 2022. Spatial heterogeneity of ecosystem services and it’s

influencing factors in typical areas of the Qinghai-Tibet Plateau: a case study of Nagqu City.

Acta Ecol. Sin. 42 (7), 2657-2673.

Joppa, L. and Pfaff, A., 2010. Reassessing the forest impacts of protection. Annals of the New York

Academy of Sciences, 1185: 135-149.

Lanzas, M., Hermoso, V., de-Miguel, S., Bota, G., Brotons, L., 2019. Designing a network of green

infrastructure to enhance the conservation value of protected areas and maintain ecosystem

services. Sci. Total Environ. 651, 541-550.

Li, S., Wu, J., Gong, J., Li, S., 2018. Human footprint in Tibet: Assessing the spatial layout and

effectiveness of nature reserves. Sci. Total Environ. 621, 18-29.

Li, S., Zhang, H., Zhou, X., Yu, H., Li, W., 2020. Enhancing protected areas for biodiversity and

ecosystem services in the Qinghai—Tibet Plateau. Ecosyst. Serv. 43, 101090.

Li, X, Gao, J., Brierley, G., Qiao, Y., Zhang, J., & Yang, Y., 2013. Rangeland degradation on the

Qinghai-Tibet Plateau: Implications for rehabilitation. L. Degrad. Dev. 24(1), 72—80.

Ma, R., Lv, Y., Fu, B, Lv, D., Wu, X,, Sun, S., & Zhang, Y., 2022. A modified habitat quality model

to incorporate the effects of ecological restoration. Environmental Research Letters, 17(10).

Maxwell, S.L., Cazalis, V., Dudley, N., Hoffmann, M., Rodrigues, A.S.L., Stolton, S., Visconti, P.,

Woodley, S., Kingston, N., Lewis, E., Maron, M., Strassburg, B.B.N., Wenger, A., Jonas, H.D.,

Venter, O., Watson, J.E.M., 2020. Area-based conservation in the twenty-first century. Nature

27



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

586, 217-227.

Mehrabi, Z., Ellis, E.C., Ramankutty, N., 2018. The challenge of feeding the world while conserving

half the planet. Nat. Sustain. 1(8), 409-412.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000. Biodiversity

hotspots for conservation priorities. Nature 403, 853—858.

Ning, X., Zhu, N., Liu, Y., Wang, H., 2022. Quantifying impacts of climate and human activities on

the grassland in the Three-River Headwater Region after two phases of Ecological Project.

Geogr. Sustain. 3, 164-176.

Pettorelli, N., Ryan, S., Mueller, T., Bunnefeld, N., Jedrzejewsk, B., Lima, M., and Kausrud, K.,

2011. The normalised difference vegetation index (NDVI): unforeseen successes in animal

ecology Clim. Res. 46 15-27

Pettorelli, N., Vik, J., Mysterud, A., Gaillard, J.M., Tucker, C.J & Stenseth, N.C., 2005. Using the

satellite-derived NDVI to assess ecological responses to environmental change. Trends Ecol.

Evol. 20 503-10

Pimm, S.L., Jenkins, C.N., Li, BV, 2018. How to protect half of Earth to ensure it protects sufficient

biodiversity. Sci. Adv, 4(8).

Ren, G., Young, S.S., Wang, L., Wang, W., Long, Y., Wu, R, Li, J., Zhu, J., & Yu, D.W., 2015.

Effectiveness of China's National Forest Protection Program and nature reserves. Conservation

Biology, 29(5), 1368-137

Schleicher, J., Eklund, J., Barnes, M., Geldmann, J., Oldekop, J., & Jones, J., 2019. Statistical

matching for conservation science. Conservation Biology, 34.

28



535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

Sreekar, R., Zeng, Y., Zheng, Q., Lamba, A., Teo, H.C., Sarira, T.V., Koh, L.P., 2022. Nature-based

climate solutions for expanding the global protected area network. Biol. Conserv. 269, 109529.

The Central Government of China, 2011. Regulations of the People's Republic of China on Nature

Reserves. http://www.gov.cn/gongbao/content/2011/content_1860776.htm (accessed 9th

October 2003).

Waldron, A., Adams, V., Allan, J., Arnell, A., Asner, G., Atkinson, S., Baccini, A., Baillie, . E.M.,

Blamford, A., Beau, J.A., et al., 2020. Protecting 30% of the Planet for Nature: Costs Benefits

and Economic Implications. Campaign for Nature, Washington, DC.

Wang, P., Wolf, S.A., Lassoie, J.P., Poe, G.L., Morreale, S.J., Su, X., Dong, S., 2016. Promise and

reality of market-based environmental policy in China: Empirical analyses of the ecological

restoration program on the Qinghai-Tibetan Plateau. Glob. Environ. Chang. 39, 35-44.

Wang, Y., Hodgkinson, K.C., Hou, F., Wang, Z., Chang, S., 2018. An evaluation of government-

recommended stocking systems for sustaining pastoral businesses and ecosystems of the

Alpine Meadows of the Qinghai-Tibetan Plateau. Ecol. Evol. 8, 4252-4264.

Watson, J.E.M., Dudley, N., Segan, D.B., Hockings, M., 2014. The performance and potential of

protected areas. Nature 515, 67-73.

Wu, J., Gong, Y.Z., Wu, J.J., 2018. Spatial distribution of nature reserves in China: driving forces in

the past and conservation challenges in the future. Land Use Pol. 77, 31-42.

Wu, R, et al., 2011. Effectiveness of China’s nature reserves in representing ecological diversity.

Front. Ecol. Environm. 9(7), 383-389.

29



555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

Xia, M., Jia, K., Wang, X., Bai, X., Li, C., Zhao, W., Hu, X., & Cherubini, F., 2021. A framework

for regional ecosystem authenticity evaluation—a case study on the Qinghai-Tibet Plateau of

China. Global Ecology and Conservation, 31, e01849.

Xu, H., Wang, X., & Zhang, X., 2016. Alpine grasslands response to climatic factors and

anthropogenic activities on the Tibetan Plateau from 2000 to 2012. Ecological Engineering, 92,

251-259.

Xu, W., Xiao, Y., Zhang, J., Yang, W., Zhang, L., Hull, V., Wang, Z., Zheng, H., & Liu, J., 2017.

Strengthening protected areas for biodiversity and ecosystem services in China. 114(7), 1601—

1606.

Yang, D & Yang, Z., 2021. Ecological poverty and its influencing factors in an alpine area: Case

study of the Selinco area. Resources Science, 43(2):293-303. (in Chinese)

Yang, Z., Wu, J., 2019. Conservation cost of China’s nature reserves and its regional distribution.

Journal of Natural Resources, 34(4): 839-852. In Chinese

Yao, T., Bolch, T., Chen, D., Gao, J., Immerzeel, W., Piao, S., Su, F., Thompson, L., Wada, Y., Wang,

L., Wang, T., Wu, G., Xu, B., Yang, W., Zhang, G., Zhao, P., 2022. The imbalance of the Asian

water tower. Nat. Rev. Earth Environ.

Zeng, Y., Koh, L. P., & Wilcove, D. S., 2022. Gains in biodiversity conservation and ecosystem

services from the expansion of the planet’s protected areas. Science Advances, 8(22), 1-10.

Zhang, L., Luo, Z., Mallon, D., Li, C., Jiang, Z., 2017. Biodiversity conservation status in China’s

growing protected areas. Biol. Conserv. 210, 89—-100.

30



575

576

577

578

579

580

581

Zhang, L., Luo, Z.H., Mallon, D., Li, C.W.,, Jiang, Z.G., 2017. Biodiversity conservation status in

China's growing protected areas. Biol. Conserv. 210, 89—100.

Zhang, Y., Wu, X., Qi, W,, et al., 2015. Characteristics and proportion effectiveness of nature

reserves on the Tibetan Plateau, China. Resource Science, 37(7), 1455-1464. In Chinese

Zhao, H., Wu, R., Long, Y., Hu, J., Yang, F., Jin, T., Wang, J., Hu, P., Wu, W., Diao, Y., Guo, Y.,

2019. Individual-level performance of nature reserves in forest protection and the effects of

management level and establishment age. Biol. Conserv. 233, 23-30.

31



