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Abstract: National parks (NPs) are the flagship protected areas in China’s conservation network
and play a key role in the ecological protection of core objects and important natural landscapes.
However, the shortage of spatial optimization methods based on quantitative indicators has limited
the spatially explicit identification of national parks. Therefore, in this study, we selected the main area
of the Tarim River (MTR) in Xinjiang as an example to optimize the spatial boundary of a national
park. We constructed an evaluation system based on representativeness, ecological importance,
and the foundation of the existing protected area. Subsequently, we comprehensively employed a
species distribution model to simulate the habitat of the primary conservation targets. Additionally,
we spatially optimized the region using an integer linear model, considering multiple scenarios.
The results of this study show that fewer than 30% of the existing protected areas in the MTR
protect conservation objects. Using different protection objects and quantitative goals, the spatial
optimization results for the eight protection scenarios show that the most effective national park
establishment scenario covers a total area of 15,009.3 km?, which is 8157.5 km? more than the protected
area already in place and would include the Tarim Populus National Nature Reserve and Luntai
Tarim Populus Forest Park. The opportunity cost to be paid for protection according to this boundary
is approximately USD 115.14 million. The protection ratios of each protection object for the expanded
park are more than 50%, which is 27.7% higher than the protection effect produced by the existing
protected area, so we recommend that Tarim National Park be set up on the basis of this boundary.

Keywords: national parks; spatial optimization; biodiversity; ecosystem conservation; opportunity cost

1. Introduction

Many protected areas have been established globally to conserve biodiversity [1].
China’s nature reserves have substantially expanded since the establishment of the first
reserve in 1956. Currently, China hosts over 12,000 nature reserves of various types, which
have played a crucial role in the conservation of regional ecosystems and biodiversity [2].
Nevertheless, the increases in protected areas have been accompanied by the emergence of
issues that are not conducive to the sustainable development of these areas. These issues
include overlapping functional orientations and spatial boundaries and the institutional
fragmentation of protected areas [3,4]. The Chinese government has initiated the estab-
lishment of national parks as part of its efforts to increase the efficacy of conservation
by improving its system of nature reserves. Considering the indicators of national rep-
resentativeness, significance, ecosystem integrity, and biodiversity in the selection and
construction of national parks [5,6], China has identified nine establishment indicators,
including ecosystem representativeness, biological species representativeness, and unique-
ness of the natural landscape [7], which have served as the foundation for the assessment
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and construction of national parks. Alternative lists for the creation of national parks have
been suggested in certain studies [8]. However, more investigation is needed regarding the
process of identifying the spatial boundaries of national parks.

Given the continual development and expansion of economies and metropolitan areas,
achieving a state of harmonious equilibrium between the preservation of the environment
and the promotion of economic development is of utmost importance. The optimization of
space and the definition of the boundaries of national parks are crucial to maximize the
benefits of preservation within the confines of the limited protected areas. To optimize
the boundary of a protected area, the area of protection, the boundary, and the cost re-
quired to build it must be considered [9]. The conservation targets identified in established
studies include critical areas based on the habitat distribution of protected or threatened
species and biodiversity [10], ecosystem service assessment [11], ecological integrity assess-
ment [12], interference from human activities, and focusing on top predators to identify
priority conservation areas for biodiversity [13,14]. Few studies have focused on evaluating
entire national parks and spatial optimization. When establishing the program, the national
representativeness, ecological significance, and management feasibility of the national
parks must be considered [15]. The purpose of China’s national parks is to ensure the
ecological security of the nation as well as to preserve the authenticity and integrity of
natural ecosystems. Furthermore, the roles and objectives of community development and
ecological education must be considered [16]. To ensure reasonable costs and that funda-
mental conservation objectives are met, national parks are established to fulfill a variety of
goals, including the preservation of ecosystems, ecological services, and biodiversity. In
order to objectively assess whether and where a region should become a national park, a
system of quantitatively assessable indicators should be proposed.

The Tarim River basin, which features a variety of natural landscapes and ecosystems,
including desert oasis and desert-adapted species, has been identified as one of the areas
in the arid and semiarid ecological region in the western part of China that requires an
investigation into its spatial distribution for national parks [7]. The Populus euphratica
forest found in the Tarim River basin is the most expansive contiguous natural forest
globally, encompassing 54% of the total basin area. Furthermore, this area hosts the most
representative and best-preserved Populus euphratica forest in China [17,18]. Desert riparian
forests are predominantly inhabited by this tree species, whose existence is crucial for the
maintenance of a stable ecological equilibrium for watersheds and rivers, the sustenance of
desert oases, and the prevention of the Kuruk and Taklamakan deserts from merging [19].
However, since the 1950s, human agricultural activity has substantially reduced the cover
and population structure of these poplar forests [20]. Furthermore, the arid climate and
precipitation-deficient topography of the area have played a role in the degradation of the
stability of this desert riparian forest ecosystem. Since 2001, in an effort to safeguard riparian
forests and strengthen the delicate environment, the Chinese government has invested
USD 149 million in the Ecological Water Conveyance Project (EWCP) [21]. However, due to
the enormous scale of the Tarim River basin, ensuring protection for each individual area is
impractical. Hence, pivotal ecological conservation zones must be identified in the vicinity
of the Tarim River and alternate locations for national parks must be suggested.

In this study, we aimed to identify crucial conservation targets and the boundary of
the Tarim National Park within the main area of the Tarim River (MTR). Subsequently, we
simulated the habitats of these targets and evaluated the conservation impact of the national
park. This evaluation was based on three factors: representativeness, ecological impor-
tance, and the presence of existing protected areas. A total of eight conservation scenarios
were subsequently formulated to determine key ecological conservation areas, considering
various conservation objectives and quantitative targets. By evaluating the conservation
impact associated with each scenario, the scenario yielding the highest conservation benefit
was chosen. The proposed methodology involved the derivation of a spatial boundary
scheme for the Tarim National Park based on the results of both the species distribution
and spatial optimization models. This study offers valuable insight into the preserva-
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tion of ecologically vulnerable regions in terms of the identification and enhancement of
national parks.

2. Materials and Methods
2.1. Study Area

The MTR is situated on the northern periphery of the Tarim Basin within the southern
region of Xinjiang. The Tarim River is a representative example of an inland river located
in the arid region in China. It spans a total length of 1321 km and exhibits a topography
that varies from high in the western region to low in the eastern region (Figure 1). The
mean annual temperature ranges from 14 to 16 °C, with evaporation rates ranging from
2000 to 3000 mm per year and average precipitation levels between 30 and 50 mm. The
region exhibits a climatic pattern characterized by limited precipitation, elevated rates
of evaporation, notable variations in temperature, and prolonged exposure to sunlight.
The dominant tree species in the desert ecosystem is Populus euphratica, which, accompa-
nied by important animal species such as Cervus yarkandensis, establishes this location as
representative of a desert oasis.
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Figure 1. Study area location.

2.2. Screening for Conservation of Important Species and Habitat Modeling

The geographical distribution of the associated species was determined through
a comprehensive examination of the national literature [22,23], the Global Biodiversity
Information Facility “http://www.gbif.org/ (accessed on 21 May 2022)”, the IUCN Red
List of Threatened Species “https://www.iucnredlist.org/ (accessed on 21 May 2022)”, the
Chinese Virtual Herbarium “https://cvh.ac.cn/ (accessed on 18 May 2022)”, the List of
National Key Protected Wildlife in China [24], the List of State Key Protected Wildlife in
Xinjiang [25], fieldwork expeditions, and consultations with local government personnel.
In addition, we have collected essential information for evaluating protected areas, such
as the level of protection, the indication of endemism, the altitude of the habitat, the kind
of habitat, and the extent of the primary habitats for each species [26]. A flowchart of
this study is shown in Figure S1. Important protected species include Populus euphratica,
the representative tree species of arid and semiarid zones; Cervus yarkandensis, the only
subspecies of deer adapted to arid environments and a first-level nationally protected
animal; and the endemic species of the Tarim, Lepus yarkandensis, which is classified as a
second-level nationally protected animal in China.

Maxent models enable the examination and forecasting of potential distributions
under the constraints of environmental variables and species presence points [27]. Both
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the information regarding the distribution points of species that are present inside the
regions that are included on the IUCN Red List and the distribution points that were
produced from satellite vegetation maps were included in the data that were used in the
Maxent model. Additionally, the model incorporated the species distribution points listed
in Figure 2. The current climate scenario involved the acquisition of nineteen bioclimatic
variables (biol-bio19) from the World Climate Database “https://worldclim.org/ (accessed
on 18 February 2022)”. To increase the precision of the model, correlation analyses were
conducted on these variables using the “Species distribution model” SDMtoolbox within
ArcGIS 10.8 software [28]. Factors with smaller contributions were omitted from the
analysis if their correlation coefficient |r| was greater than or equal to 0.8 [29,30]. The final
selection of environmental variables included bio2 (mean diurnal range (mean of monthly
temp (max temp — min temp))), bio4 (temperature seasonality (standard deviation x100)),
bio7 (temperature annual range), bioll (mean temperature of coldest quarter), biol5
(precipitation seasonality (coefficient of variation)), biol6 (precipitation of wettest quarter),
and biol7 (precipitation of driest quarter), in addition to elevation, slope, and land use
type [31,32]. Then, we conducted 10 replications and a maximum of 500 iterations for
each species, utilizing a cross-validation procedure. The dataset was divided, with 75%
of the data used for model calibration and the remaining 25% retained for evaluation.
The species distribution models were validated using kappa coefficients and through
field investigation.
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Figure 2. The distribution of selected species.

2.3. Selection of Ecological Importance Indicators

An evaluation index system for Tarim National Park was developed based on the
specifications for national park establishment [7] (Table 1). Representativeness, ecological
significance, and feasibility are the three basic categories that comprise the index system.
Additionally, these three primary categories include six subcategories. The study site is
located within a desert ecosystem characterized by Populus euphratica as the predominant
tree species. The vegetation diversity within this region is limited, resulting in a relatively
uncomplicated food chain structure. As a result, the major evaluation metrics encompassed
the aboveground biomass density “http://www.ceode.cas.cn/sjyhfw/ (accessed on 6 April
2023)”, fractional vegetation cover “https://modis.gsfc.nasa.gov/data/dataprod/mod1
3.php (accessed on 6 April 2023)” and four distinct ecosystem services, specifically sand
fixation, soil conservation, water retention, and carbon sequestration, which follow the
ecological process modeling developed by Ouyang et al. [33]; the data for 2020 were
collected and re-evaluated for acquisition. To increase the comparability of conservation
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indicators, a standardization process was implemented to ensure that the resulting values
were confined within the range of 0 to 1. The standardized values X; were obtained using
the following formula:

X1 = (X = Xmin)/ Xmax — Xmin) (1)

where Xpin and Xmax are the maximum and minimum values of the indicator data, respectively.

Table 1. Evaluation index system for Tarim National Park.

Main Evaluation

Indicator . Quantitative Indicator Definition of Indicator
Indicator
Ecosystems that represent regional traits,
Ecosystem Percentage of structure, and function. We used the unit’s
representation Populus euphratica Populus euphratica community proportion as a
Representativeness sample calculation.
Distribution of natural . .
Regional natural landscape importance,
Landscape value landscapes or ) .
- . uniqueness, and aesthetic or cultural value.
geological sites
.. Aboveground biomass Ecosystem structure, function, health, and
Authenticity . . . . s
density disparity with top communities.
Suitable habitat for Habitat distribution of key Expression of regional ecological diversity,
flagship species protected species distribution of habitats of key species.
].Eco.lfc?glcal Importance of Reflecting ecosystems’ role in ecological
signuficance P . Ecosystem services equilibrium, human well-being, and
ecological location .
sustainable development.
o . . Indicates the extent to which an environment or
Susceptibility Trends in fractional . .
. species faces external or internal pressures and
to threats vegetation cover . .
dangers that could cause its demise.
Feasibility Feasibility of Existing foundations of the  Clear land tenure and natural property rights are

resource conservation

protected area needed to protect and develop national parks.

2.4. Boundary Identification and Spatial Optimization
2.4.1. Opportunity Cost Calculation

Due to the limited availability of resources and the need to safeguard specific regions,
allocating a portion of an area for ecological conservation entails foregoing advantages
that could otherwise be obtained. Therefore, the opportunity cost associated with the
preservation of the forests and grasslands within the designated study area was calculated
utilizing the following formulae:

Aj (Pify{('r,fj) — rf(T)) (1+9)
Vi = 8

@

 A(CAE+ci—pj)(1+3)
] 6 (3)

where Vj represents the opportunity cost of the forest ecosystem, Aj denotes the area of

plot j, Pl.f denotes the net income of timber per unit area, y{ (T, f]) refers to the timber
production per unit area [34], 7/ (1) refers to the maintenance cost of forestry production
per unit area, T refers to the rotation time value fixed at 20 years, and b represents the
annual discount rate, which is fixed at the long-term deposit interest rate of 5% provided
by the bank. Hereafter, this notation is employed. The opportunity cost (CA) of grassland
ecosystems, measured in sheep units, represents the theoretical annual carrying capacity.
The market retail price of sheep (E) is valued at USD 210 per head, as obtained from the
Administration of Bayanbulak National Nature Reserve. Additionally, the grass—animal
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balance subsidy (c;) and the pasture seed subsidy contribute to the overall value. The
estimated cost of the grassland ecosystem is approximately USD 26.18 per hectare per year.
Additionally, p; is the contracted price of pasture land [35].

2.4.2. Scenario Settings and Spatial Optimization Algorithms

Different perspectives exist at the global level regarding the appropriate extent of
the protection of a particular region. The conservation of a minimum of 30% of the
Earth’s surface is an important objective outlined in both the Post-2020 Global Biodiversity
Framework and the Convention on Biological Diversity (CBD) [36-39]. A minimum of 40%
of the total area should be designated for landscape protection [40]. A range of 25% to
75% of land or water is recommended to be designated for nature conservation, with the
objective of safeguarding a minimum of 50% of the natural habitats by the year 2030 [41].
Therefore, we considered 50% to 60% to be a high-priority conservation target and 30% to
50% to be a medium-priority conservation target for protected species.

Explicit protection ratios and targets were established to safeguard these assets, as
described by the findings of various studies (refer to Table 2). The study area was parti-
tioned into 1932 planning units, with each unit being 4.5 km x 4.5 km. The conservation
opportunity cost zoning and assessment results for each indicator were documented for
every planning unit using ArcGIS 10.8. Subsequently, a distribution matrix was generated
wherein the conservation object name was the row variable and the unit distribution value
was the column variable. The distribution matrix was subsequently incorporated into the
Marxan model in conjunction with the pre-existing conservation scenarios [42]. The Marxan
model is a commonly utilized open source decision support system that is grounded in
the conservation field and operates on the principles of the integer linear model. The
purpose of the Marxan initiative is to establish interconnected systems of protected areas
that effectively address various ecological, social, and economic considerations [43]. The
planning process involves a total of 100 operations, with a boundary length correction
value of 0.01. Additionally, the process includes 1,000,000 iterations and a compensation
value of 10. The parameters in the model are configured as follows: the number of unit
selections in the design outcome is depicted on a numerical scale ranging from 0 to 100,
which serves as an indicator of the unit’s irreplaceability and the corresponding ranking in
terms of protection priority.

Table 2. Protection scenario settings.

Protection Object Selection and

Scenario Protection Rule Protection Target
Number
11010 11004 13003 21001 21003 31000
SNC-1 High-priority conservation targets for objects 60% 50% 50% 50% 50% 50%
under the same costs
SNC-2 Medium-priority conservation targets for objects 50% 30% 30% 30% 30% 30%
under the same costs
SNC-3 Medlum—prlorlfcy conservation targets for 40% 30% 30% ~ _ B
important species under the same costs
SNC-4 High-priority cgnservatlon target only for 60% B ; B _ )
Populus euphratica under the same costs
SOC-1 High-priority Co.nservatlon targets for objects 60% 50% 50% 50% 50% 50%
under opportunity cost
SOC-2 Medium-priority conservation targets for objects 50% 30% 30% 30% 30% 30%

under opportunity cost
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Table 2. Cont.

Protection Object Selection and

Scenario Protection Rule Protection Target
Number
11010 11004 13003 21001 21003 31000
S0C-3 Medlum-prlorlfcy conservation targets for 40% 30% 30% _ _ _
important species under opportunity cost
SOC-4 High-priority conservation target only for 60% ) _ ) _ )

Populus euphratica under opportunity cost

“_r

The presence of a “-” symbol indicates the absence of a designated protection target for the respective object.
The code cross-references are defined as follows: Populus euphratica (11010), Cervus yarkandensis (11004), Lepus
yarkandensis (13003), fractional vegetation cover (21001), aboveground biomass density (21003), four ecosys-
tem services (31000), scenario not considering opportunity cost (SNC), and scenario considering opportunity
cost (SOC).

3. Results
3.1. Simulating Species Habitat and Assessing Ecological Indicators

The Maxent model was employed for 10 simulation iterations to assess the primary
species. The average area under the curve (AUC) values for Populus euphratica, Cervus
yarkandensis, and Lepus yarkandensis were 0.968, 0.957, and 0.874, respectively. The reliability
of the simulation results was deemed to be high [44]. The kappa coefficients for assessing
the validity of the species distribution model simulation were 0.695, 0.732, and 0.767,
respectively. The reliability of the results was confirmed through the administration of a
consistency test, which indicated the accuracy of the model simulation. The outcomes of
the modeling conducted on habitats of important species and the distribution of indicators
of ecological importance are presented in Figure 3.

Ehll-leigh: || Water retention ©  Carbon sequestration Fractional vegetation cover
Moo 0 150 300 km

Figure 3. Spatial distribution of protected species and indicators of ecological importance.

The findings suggest that the predominant habitat for Populus euphratica is situated
primarily in the upper and middle regions adjacent to the Tarim River. The geographical
region exhibiting favorable environmental conditions for the growth and survival of Populus
euphratica spans an extensive area of approximately 6732.22 km?. The potential habitat of
Cervus yarkandensis primarily encompasses the upper and middle regions of the Tarim River,
situated at a considerable distance from the riverbed. This habitat predominantly consists
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of desert terrain, spanning an area of approximately 3925.31 km?. Lepus yarkandensis
inhabits a considerable area of suitable habitat that is distributed along the main course
of the Tarim River. The primary concentration of this habitat occurs in the upper and
middle portions of the river, which are in close proximity to agricultural land and other
rivers. In total, this species inhabits an estimated 9173.18 km? of suitable habitat. The
findings from the evaluation of the six ecological importance indicators indicate that
regions exhibiting elevated levels of aboveground biomass density and fractional vegetation
cover are primarily concentrated along the course of the river, with a gradual decline in
distribution as distance from the river increases. The areas where four ecological services
are most abundant are concurrent with the geographic distribution of grassland and
forest ecosystems.

3.2. Optimization of Protection Scenarios

The spatial planning results for the eight conservation scenarios for different conserva-
tion objectives are as follows (Figure 4): The central segment of the Tarim River exhibits
the highest density of high-priority regions in all the conservation scenarios. Moreover,
the ecological importance of these areas extends beyond the boundaries of the currently
designated protected areas. The upper section of the study area exhibits the second highest
level of priority areas in terms of spatial extent, closely following the central section. No-
tably, the areas of ecological importance largely align with the boundaries of the currently
designated protected areas. Additionally, the four SOC scenarios indicate the presence
of priority areas in the lower section of the Tarim River and Taitema Lake. The vicinity
adjacent to the Taitema Lake exhibits a notable likelihood of hosting keystone species,
thereby offering valuable ecosystem services in terms of water retention. In comparison
to the four scenarios proposed by the SNCs, the distribution of the areas of conservation
significance exhibit a greater degree of dispersion in the SOCs. The prioritized regions for
conservation efforts are located in the upper, middle, and lower sections of the Tarim River.
The regions of conservation significance in the SOC-3 scenario are notably smaller than in
the SOC-1 and SOC-2 scenarios.

N

A

SNC-1 SNC-2 SNC-3

Legend

The number of times a unit
is selected in Marxan

pm High: 100

B ow: 0
0 150 300 km
[ am ]

Figure 4. Conservation planning results for each protection scenario.

For each scenario, the cumulative conservation curves for priority protection ratios and
protected area priority ratios for synergistic optimization options are depicted in Figure 5.
The results indicate that the SNC-1 scenario, which applies a high protection target to
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all protected objects, can safeguard 6314.82 km? or 93.8% of the Populus euphratica. The
percentage of protected area decreases by an average of 42.8% under the SNC-2 scenario,
which entails a 20% reduction in the protection objectives for the six indicators of ecological
significance. This represents a more pronounced reduction ratio. In the SOC-1 scenario,
Cervus yarkandensis is safeguarded through the expansion of the priority conservation area
boundaries. Configuring SOC-1 and SNC-1 with high protection target parameters makes
them capable of more rapidly enhancing protection.

SNC-1 SNC-2
1.00 ~ 1.00
] 8
®0.75 — 11010 07 — 11010
g —1100¢ § — 11004
.rct: 0.50 - 13003 ; 0.50 == 13003
1;;": — 21001 % — 21001
©0.25 21003 5025 21003
Py 31000 31000
0.00 0.00
000 025 050 075 1.00 000 025 050 075 1.00
Priority protection ratio Priority protection ratio
SNC-3 SNC-4
1.00 1.00
g " 9
= 0.75 T 0.75
= —11010 =
050 s o OR —11010
E 13003 :J-'
5025 5025
Py =%
0.00p="" 0.00
000 025 050 075 1.00 000 025 050 075 1.00
Priority protection ratio Priority protection ratio
SOC-1 50C-2
1.00 = 1.00
g =
£0.75 —11010 §O.75 —11010
.3‘3 —11004 § — 11004
= 0.50 —13003 ©0.50 — 13003
g —21001 & —21001
£0.25 21003 5‘50_25 21003
& 31000 & 31000
0.00{"" 0.00{-=*
800 025 .050 075  9.00 000 025 050 075 1.00
Priority protection ratio Priority protection ratio
S0C-3 SOC-4
1.00 1.00
9 2
®0.75 80.75
[
- o
%050 =11010 ‘60_0
b -11004 § =11010
G 13003 ©
3025 50.25
& =
0.00 == 0.00
000 025 0500 « 075 100 000 0325 050 075 1.00
Priority protection ratio Priority protection ratio

Figure 5. Proportion of protected areas for protection objects in different scenarios.
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3.3. Choosing the Optimal Protection Option and Establishing the Boundary

A statistical representation of the protective effects of the eight scenarios is provided
in Table 3. The two scenarios that exhibit the most extensive collective protection area
within the region are SNC-1 and SOC-1. In both scenarios, the protection rate of each
protection object exceeds 60%, with Populus euphratica demonstrating a protection rate
exceeding 93% in both instances. The inclusion of opportunity costs in scenario SOC-1, as
opposed to scenario SNC-1, results in a reduction in the average protected area by 6.7%. A
notable increase of 17.8% occurs in the proportion of protected area dedicated to fractional
vegetation cover. In the SOC-1 scenario, the conservation efforts for Populus euphrat-
ica, Cervus yarkandensis, and Lepus yarkandensis encompass areas of 6207.10, 2551.45, and
7045 km?, respectively. The implementation of these conservation measures leads to a
reduction in expenses of USD 5,499,400 compared with that of the SNC-1 scenario.

Table 3. Priority protection results and proportions of scenarios.

Scenario Protection Effects (%) Protected Protection Cost

Number 11010 11004 13003 21001 21003 31000 Area (km?) (10* USD)
SNC-1 93.8 66.0 79.5 64.3 89.3 85.7 16,048.08 12,064.12
SNC-2 46.9 30.9 27.0 232 324 55.2 10,130.31 9703.57
SNC-3 35.5 24.4 239 16.3 285 32.8 8189.82 8897.62
SNC-4 93.7 58.6 71.4 57.2 85.2 68.3 15,800.29 11,580.55
SOC-1 92.2 65.0 76.8 82.1 80.4 70.8 15,901.20 11,514.18
SOC-2 77.3 17.6 26.4 453 38.7 32.7 10,949.68 8570.46
SOC-3 319 11.7 16.7 32.4 25.6 23.1 8842.86 8035.38
SOC-4 95.3 34.2 422 52.3 88.7 73.4 14,087.62 11,320.33

The code cross-references are defined as follows: Populus euphratica (11010), Cervus yarkandensis (11004), Lepus
yarkandensis (13003), fractional vegetation cover (21001), aboveground biomass density (21003), four ecosys-

tem services (31000), scenario not considering opportunity cost (SNC), and scenario considering opportunity
cost (SOC).

The conservation benefits of the eight scenarios are presented in Figure 6. The SOC-1
scenario, when considered in its entirety, yields the most conservation advantages, requiring
an opportunity cost of USD 115.14 million to safeguard a priority nature conservation area
spanning 15,901.20 km?. This area overlaps the existing protected areas in four regions,
for a total area of 6637.03 km?, including the Tarim Populus National Nature Reserve,
the Shaya County Upper Tarim River Wetland Nature Reserve, the Luntai Tarim Populus
Forest Park, and the Kuqga Qiuci National Desert Park.
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Figure 6. Protection benefit analysis of scenarios.
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The existing protected areas exhibit conservation ratios of 38.3%, 33.8%, and 21.7%
for Populus euphratica, Cervus yarkandensis, and Lepus yarkandensis, respectively. Notably,
these values do not meet the conservation standards. Based on the optimization of sce-
nario SOC-1 and considering the spatial limitations imposed by the presence of protected
areas, enhanced connectivity, and the impacts of concentrated settlements and agricultural
distribution areas, a suitable boundary was established (Figure 7). The Tarim National
Park encompasses a total area of 15,009.30 km?, providing enhanced protection for 21.7%
of the Populus euphratica, 29.5% of the Cervus yarkandensis, 31.6% of the Lepus yarkandensis,
and 27.8% of the fractional vegetation cover. The implementation of enhanced protection
measures is anticipated to yield a notable rise in aboveground biomass density, specifically
by 32.9%, along with a corresponding enhancement in ecosystem services, estimated at
22.3%, in comparison with those of the existing protected areas.
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Figure 7. Proposed boundary for Tarim National Park.

4. Discussion

In this study, we focused on three key elements: representativeness, significance, and
the foundation of the current protected areas. These aspects were used to develop a method
for assessing national parks and creating a spatial optimization scenario plan specifically
for Tarim National Park.

The authenticity and integrity of ecosystems are crucial factors in the optimization
and assessment of national park spatial boundaries [45]. Contemporary conceptions of
authenticity primarily pertain to the extent to which a location maintains its original and
unspoiled ecosystems [46]. Authenticity is typically assessed by considering factors such
as the presence of wilderness; the level of human interference; and the ecological structure,
processes, and functioning [47,48]. The inclusion of explicit distribution and quantitative
indicators is crucial in facilitating the optimization of site selection during the process
of optimizing national park boundaries. The MTR represents an ecologically vulnerable
region located within the Tarim Basin, being characterized by a distinctive arrangement
of desert ecosystems. In comparison with the intricate population mechanisms observed
in vegetation communities within the humid central and eastern regions of China, the
vegetation community in the MTR is characterized by a singular type, predominantly
Populus euphratica as the primary established tree species. The expansion of its communi-
ties is indicative of the prevailing ecosystem conditions. Therefore, using the density of
aboveground biomass as a metric for evaluating the inherent integrity of the ecosystem
is justifiable [49]. The gaps between ecosystems in the study area and ecosystems with
similar background conditions were identified using the remote sensing monitoring results
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of biomass in conjunction with field survey data. This approach ensured the authenticity of
the findings while allowing for the collection of monitoring data at the raster scale, which
is advantageous for facilitating spatial optimization studies in national parks.

The definition of ecosystem integrity encompasses various dimensions, such as bio-
logical diversity, ecosystem stability and resilience, ecosystem condition, and ecosystem
quality and value [12]. The assessment of ecological integrity commonly relies on a set of
widely used indicators, including environmental pressures, ecological processes, biological
diversity, functional structural integrity, and the regional integrity of significant species’
habitats [50]. Through a comparative analysis of the alterations in the overall distribution
area and the proportion of the MTR area under protection for various conservation entities,
we ascertained that the established objectives have been fulfilled for each conservation
entity considered in the calculations in accordance with the specific attributes of the Tarim
Basin. Additionally, this approach serves to enhance the safeguarding of peripheral units
surrounding the core conservation entities.

We selected priority regions for conservation that are representative and ecologically
important. We then considered eight optimization scenarios, each with different protec-
tion percentage aims for various conservation items. These scenarios offer alternative
approaches for the development of the Tarim National Park from multiple perspectives.
The majority of the studies that have been conducted on optimization scenarios have used
scenarios that adopt uniform conservation aims or accelerate the rate at which numerous
objects” conservation changes [51]. Based on several policy conservation objectives, we
established distinct conservation goals for each of the six conservation objects that were cho-
sen, and we obtained conservation planning outcomes that consider regional specifics. In
addition, the planning domain pertaining to important conservation objects offers potential
for the conservation of other entities, thereby enhancing the efficacy of protection mea-
sures, even in the absence of explicitly defined conservation objectives for the safeguarded
objects [52]. The Gross Domestic Product (GDP) of the region and the human footprint
were used to calculate the cost of the protected areas. Previous studies have examined the
opportunity costs in relation to different conservation objectives [53,54]. We considered
the opportunity cost of safeguarding grassland and forest ecosystems, which provide
valuable insights for the establishment of national parks and the optimal delineation of
their boundaries.

The analysis of the advantages of conservation is of utmost importance [55]. The
optimized solutions for each of the eight conservation scenarios varied in the protected area
and the conservation impact, depending on whether opportunity costs were considered.
The outcome is indicative of the necessity to consider opportunity costs. The study area
is predominantly characterized by the presence of Populus euphratica, and the considered
scenarios primarily focused on the extent of protected land allocated specifically for the
conservation of Populus euphratica. The scenarios averaged 53.5% protection for the six
ecologically important indicators. The most substantial disparity observed among the
scenarios was in the safeguarding of aboveground biomass density, with a difference of
54.8% in the proportion protected. A thorough compilation of the results was used to
identify the most important cases requiring protection across all indicators. The resulting
selection was then integrated with the existing protected area, which spans 40°44'34” N
to 41°7'14” N and 81°43'57" E to 86°36/27" E, accounting for 44% of the study area. The
boundary scheme demonstrates the capacity to safeguard a large proportion of various
species and ecological indicators. Specifically, it protects 60% of Populus euphratica, 63.3%
of Cervus yarkandensis, 53.2% of Lepus yarkandensis, 54.2% of the vegetation cover, 55.7%
of the aboveground biomass density, and 50% of the ecosystem services. The results of
our study can provide a reference for the construction of national parks in arid zones in
terms of the construction of regional ecological conservation target lists, the evaluation
and spatial layout of national parks, the establishment of national park boundaries based
on conservation priorities, and appropriate consideration of the opportunity costs of con-
servation to minimize potential conflicts in the establishment of national parks. For the
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next step in our research, we will consider the ecological importance of climatic charac-
teristics, protected species and ecosystem types in different regions to further determine
the proportion of protection and the appropriate method for the demarcation of national
park boundaries.

5. Conclusions

By assessing the priority zones for the conservation of various objects and compara-
tively analyzing the conservation impacts under various scenarios, our findings indicate
that the current protected areas are insufficient to meet the requirements of both con-
servation and development. Consequently, we recommend that the boundaries of the
existing protected areas in the upper and central regions of the Tarim River be expanded
outward. The establishment of the Tarim National Park encompasses a vast area measuring
15,009.3 km?. The endeavor to safeguard this park incurs an estimated opportunity cost
of approximately USD 115.14 million. The Tarim National Park has exhibited a notable
increase of 27.7% in the average conservation impact compared with conservation areas
that solely rely on species distribution as a criterion and focus on a single objective. At
the same time, it can also provide some guidance for the selection and construction of
quantitative assessment indicators for the world’s arid national parks.
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