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Abstract: Much of Europe’s remaining wilderness areas are found in Iceland, yet few are formally
protected despite ongoing threats from renewable energy exploitation and 4 x 4 usage. Robust and
repeatable approaches are required to map wilderness landscape qualities in support of developing
policy on designations that meet international standards. We present an approach to mapping
wilderness that is based on internationally recognised methods and customised to suit the unique
nature of Icelandic landscapes. We use spatially explicit models of wilderness attributes that measure
human impact from vehicular access, land use and visible human features rather than relying on
proxy measures such as buffer zones. Seventeen wilderness areas are identified across the Central
Highlands and surrounding areas, totalling some 28,470 km?. These are compared to existing
mapping projects. The character of these areas is described using additional spatial data models on
openness, ruggedness and accessibility from settlements, together with information on mobile phone
coverage and grazing patterns. This is the most detailed mapping of wilderness in Iceland to date
and an important step towards the formal definition of boundaries of wilderness areas meeting [IUCN
Category 1b and Wild Europe Working Definition in Iceland.

Keywords: wilderness quality; wilderness character; Iceland; Central Highlands

1. Introduction

Wilderness is an increasingly rare landscape resource characterised by the IUCN as
“protected areas that are usually large, unmodified or slightly modified areas, retaining
their natural character and influence, without permanent or significant human habitation,
which are protected and managed so as to preserve their natural condition” [1] (p. ii).
Recent research using global datasets has highlighted alarming rates of loss with estimates
ranging from a nearly 10% loss between 1993 and 2009 [2] to 175 km? of wilderness lost
per day [3], most of it due to land-take for agriculture and urban expansion [4]. These
rapid rates of attrition comprise a principal threat to biodiversity conservation and UN
Sustainable Development Goals [5] such that the post-2020 Global Biodiversity Framework
of the Convention on Biological Diversity has placed “retaining wilderness areas” as the
first of 21 action-oriented targets for 2030 [6].

The European Parliament recognised the importance of protecting Europe’s wilderness
areas in February 2009 with a subsequent policy paper calling for wilderness to be defined,
mapped, and protected at all levels [7]. The resulting guideline document on wilderness
within the Natura 2000 protected area network refines the definition of wilderness in
Europe as “an area governed by natural processes ... composed of native habitats and
species, and large enough for the effective ecological functioning of natural processes.
It is unmodified or only slightly modified and without intrusive or extractive human
activity, settlements, infrastructure, or visual disturbance” [8], p. 10. An EU wilderness
register and map published in 2013 highlighted disparities in wilderness protection across
Europe. This revealed interesting patterns in remaining wilderness within EU states and
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partner countries based on the mapping of potential naturalness of vegetation, remoteness
from settlements and other human infrastructure and remoteness from roads [9]. This
work shows clear altitudinal and latitudinal trends in these data with most of Europe’s
wildest landscapes being found in high-latitude (Arctic and near-Arctic) and high-altitude
(mountainous) areas. Other interesting trends are seen in the level of protection afforded to
the mapped wilderness with many large areas, particularly in northern Scandinavia and
Iceland, remaining unprotected despite possessing all the attributes of wilderness [10].

Retaining wilderness is one of the stated objectives of the Icelandic Nature Conser-
vation Act No 60/2013 (NCA), Article 3. Article 5 (19) of the Act defines wilderness as
“An uninhabited area that is in principle at least 25 km? in size or in such a way that one
can enjoy solitude and nature there without disturbance from man-made structures or
the traffic of motorized vehicles and in principle at least 5 km away from structures and
other technical traces, such as power lines, power plants, reservoirs and built roads” [11].
While different from those definitions provided by the EU and IUCN, this is closely linked
to the conditions for designating lands as wilderness protected areas given in Article 46,
which states to retain the wilderness as “Large areas, in principle untouched by human
activities, where nature can evolve independently, may be legally designated as wilderness
protected areas” and that “The designation shall aim at protecting the characteristics of the
areas, for example to maintain diverse and unique landscape, openness and/or protecting
large ecosystems; and to ensure that present and future generations can enjoy solitude
and the nature without disturbance from man-made structures or the traffic of motorized
vehicles” [11].

These provisions were a novelty when the nature conservation law reform entered into
force late 2015, with the preparatory legislative work referring explicitly to IUCN Category
1b for wilderness designation. However, to date, no area within the Central Highlands
has been designated as a wilderness protected area despite provision for doing so within
the NCA. A more recent legal novelty, entering into force early 2021 and adding Article
73a, together with a temporary provision to the NCA, provides for the mapping of the
wilderness areas across Iceland “in line with internationally recognized methodology” [11].
The work presented here was initiated locally and developed by the paper’s authors against
this legal background.

Iceland is a unique and important case as regards wilderness in Europe and as such
is worth careful attention. The work of Kuiters et al. [9] shows that as much as 43%
of Europe’s top 1% wildest areas fall within Iceland, and as such, Iceland represents a
significant resource for nature protection as well as tourism and recreation [12]. While much
of this presents as the extensive icecaps of the Vatnajokull, Hofsjokull, etc., large areas of the
Central Highlands comprising ice-free hills, mountains, rivers, lakes and expansive gravel
plains are also included in the 43% figure. The fact that many of these areas are currently
unprotected highlights the need for appropriate and locally specific methods to assist
the authorities in identifying variations in wildness across Iceland building on the IUCN,
European and Icelandic definitions of wilderness as stated in the text of the 2013 NCA and
subsequent amendments. An Iceland-specific approach to modelling wilderness quality
that builds on existing recognised methods is therefore required to identify boundaries of
wilderness areas for designation and ensure future protection. Such methods are needed
to support the planning process through strategic and responsive “what if?”” modelling of
proposed developments (e.g., renewable energy projects) to reliably predict and illustrate
the likely impacts should they go ahead [13].

Different countries and their local cultures often project different understandings of
what is meant by “wilderness” and what it means for landscapes and protected areas. In
Iceland, 6byggd viderni (usually shortened to viderni) is used as a legal term, which literally
translated means “uninhabited wilderness”. This corresponds broadly to IUCN Category
1b areas. However, in local vernacular, it is usual to use words such as 6byggdir (literally
meaning “uninhabited area”) and midhalendi (as a place term referring specifically to the
uninhabited areas of the Central Highlands) [14]. Words aside, much of Iceland’s interior
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landscapes may reliably and reasonably be classified as wilderness once away from roads
and influences from other human infrastructure and land use.

The landscape of Iceland’s interior is unique within Europe, and perhaps the rest of the
world. It is characterised by a spectacular mix of glaciers and icecaps, wide flat gravel plains
(or ‘sandurs’), rolling hills and rugged mountains interspersed with glacier-fed rivers, hot
springs, and deep valleys [15]. The overall impression is of a primeval, almost moon-like
landscape shaped entirely by the forces of nature. Geologically speaking, Iceland is young
(the oldest exposed rocks are approximately 15-16 million years old) with volcanic landforms
of lava flows, cinder cones, geothermal areas and active volcanoes as key characteristics along
the volcanic rift zone of the Central Highlands [16]. Water, either in the form of snow and ice
or huge glacial rivers, lakes, ponds and springs, is also a key element that provides interest
and often forms a barrier to movement, thus increasing remoteness. Vegetation is often sparse
or non-existent with Arctic/Alpine plant communities and moss carpets dominating, with its
low stature creating an open landscape feel across much of the interior. Example landscapes
of the Central Highlands are shown in Figure 1.

In this paper, we develop an Iceland-specific approach to modelling wilderness quality
as a basis for robust mapping wilderness boundaries; the principal aim being to support
the Icelandic government in their designation process in meeting both the objectives of the
NCA (2013) and UN Sustainable Development goals. The specific objectives of the paper
are to: (a) modify existing and recognised wilderness quality models to create a custom
approach suitable for the Icelandic landscape; (b) apply IUCN and European wilderness
definitions and criteria to define existing wilderness areas and map their boundaries; and
(c) describe the wilderness character of the resulting areas based on additional spatial
attributes. We propose a 4Rs approach utilising:

1. Rigorous, spatially explicit models of attributes influencing wilderness quality;

2. Robust measurement of wilderness attributes describing human landscape impacts
such as remoteness (time taken to walk from nearest point of mechanised access),
visual impact (proportion of the landscape occupied by human features), and land
use (affecting perceived naturalness of ecosystems);

3. Repeatable analyses that can achieve the same results each time the model is run
enabling accurate predictions of impacts from proposed developments and associated
changes in wilderness quality; and

4. Reliable interpretations of wilderness definitions using best available data at high
enough resolutions enabling comparability of work at both local and national scales.

Previous mapping work has tended to focus primarily on the size and distance thresh-
olds outlined in the NCA and previous versions of the wilderness definition. While some
attempts have been made at visual impact analysis, the resulting maps interpret the more
objective part of the definition of wilderness from the NCA using simple buffers to identify
areas at least 3 or 5 km away from roads, buildings, and other human infrastructure, and
then reselecting those resulting areas that are at least 25 km? in size [17]. One exception has
been the innovative use of Participatory GIS (PGIS) by Olafsdéttir and Seeporsdottir [18] to
compare these areas with crowd-sourced perceptions of wilderness among local people
and tourists. Here, an online map is used together with a spray can tool (Map-Me) to allow
users to define their own wilderness areas by spraying directly on the map [19].

We suggest that buffer zones and reselections based on the distance and area thresholds
alone, as taken from the objective part of the NCA definition, are proxy measures and
do not measure actual impacts associated with human infrastructure within the Central
Highlands. As such, these fail to capture the core of the wilderness definition as intended
by the legislator. The application of such proxy measures needs to be carried out with care,
as the results can be misleading. For example, a rough, single-track gravel road can have
the same effect as a paved and elevated dual carriageway road, whereas its true impact is
dependent on its type (and traffic volume), how visible it is and how long it takes to walk
from it into the surrounding landscape. Weighted buffer zones using different buffer widths
to account for road type and traffic volume can go some way towards estimating variations
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in the degree of impact [20] but cannot accurately measure impacts in terms of naturalness,
visibility and remoteness. Other uncertainties and differences can be further introduced
in deciding which roads to include in the mapping exercise. Ostman et al. [20] exclude all
unpaved gravel roads from their maps with the result that the size and extent of wilderness
areas within the Central Highlands are greatly over-estimated despite these roads having
a similar impact to paved roads, at least in terms of remoteness from motorized access.
This is inconsistent with the legal text and interpretation of the NCA definition itself, and
furthermore, such a categorisation of roads is not supported by the NCA’s reference to
IUCN Category 1b criteria.

Rather than rely on proxy measures, we develop an Iceland-specific approach to
modelling impacts from human infrastructure and land use on wilderness quality that
is based on the actual measurement of these impacts using spatial interpretations of the
EU and IUCN wilderness definitions as suggested in the preparatory work of the NCA.
Our approach is based on the legal interpretation of reformed Icelandic law in the field of
nature conservation and wilderness as described above. Our research builds on existing,
internationally recognised methods, as suggested in the latest amendments to the NCA,
and applies these to Iceland with regard to the characteristics of the Central Highlands
landscape. Existing examples include mapping wildness in Scottish National Parks [21,22]
and wild land areas (WLAs) across Scotland by Scottish Natural Heritage [23]; mapping
Haute Naturalité, or high naturalness, across France for IUCN France [24]; mapping vari-
ations in wilderness characteristics in designated wilderness areas for the US National
Park Service [25]; and modelling variations in wilderness quality across China [26]. Adapt-
ing and enhancing these approaches enables us to model impacts on wilderness quality
with reference to the 4Rs and then apply EU and TUCN wilderness definitions to draw
wilderness protected area boundaries and describe their character. The resulting models
represent a more rigorous, robust, and reliable representation of actual patterns of wilder-
ness than those achievable using proxy measures and a tool with which the impacts of
proposed future developments and planning decisions can be accurately predicted through
repeat mapping.
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(a) Hofsjokull

(c) Jokuldalur (d) Ingolfsskali

Figure 1. Map and landscapes of the Central Highlands: (a) Hofsjokull, (b) Vonarskard, (c) Jokuldalur,
(d) Ingolfsskali.

2. Materials and Methods

A simple approach to modelling wilderness quality in Iceland would be to just apply
one of the existing methods such as that employed in Scotland [22]. However, the variety
seen in surface form and geographical context within the Central Highlands of Iceland
creates the need for a two-part model that can firstly model variations in wilderness quality
and secondly categorise individual areas depending on their landscape character and those
human features affecting public perceptions of wilderness.

The first part of the method is a more traditional “Wilderness Quality Index” (WQI),
based on a multi-criteria evaluation (MCE) of three principal attributes: (1) remoteness
from mechanised access (or time taken to walk from a motorised vehicle); (2) lack of
visual intrusion from modern human artefacts; and (3) perceived naturalness of land cover.
When used together, these key attributes can model the spatial variation in wilderness
quality, which can then help define wilderness core, buffer and transition zones by careful
application of appropriate size and areas thresholds derived from EU and IUCN wilderness
definitions. The second part of this model focuses on wilderness character using additional
spatial datasets to describe, map and tabulate the unique characteristics of the areas defined
in part 1 of the method. This includes further detail from spatial models of openness,
ruggedness and accessibility (time taken to drive from human settlements) and additional
information provided from maps of mobile phone coverage, livestock grazing and broader
landscape character assessments. This two-part method provides detail and nuance in
the mapping of key attributes and overall wilderness quality while providing further
information about the character of each of the resulting core wilderness areas, thus meeting
the need for a reliable, rigorous, robust and repeatable method that can be confidently used
to inform decisions about policy on protected areas. This is summarised in Figure 2.
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Figure 2. Model flow chart.

2.1. Method Development

Earlier work on wilderness quality mapping by Lesslie and Maslen [27] for the Aus-
tralian National Wilderness Inventory (ANWI) and adapted by Carver et al. [22] for Scot-
land’s national parks uses four wilderness attributes to create a combined map of wilderness
or a WQI. Many wild areas are often characterised by their rugged nature (thus limiting
their utility), but this is not always the case, leading to bias in mapped wildness towards
mountainous areas or rugged coastlines. For example, in the Scottish wild land mapping,
areas such as the low-lying Flow Country in the far northeast of the Scottish mainland
are under-represented due to the flat nature of the terrain, despite this landscape being
extremely challenging and difficult to cross due to its boggy nature. This is true also for
Iceland’s Central Highlands, where wilderness areas span a range of landscape types from
the many wide open gravel plains such as Sprengisandur and Hofsafrétt, and icecaps
including the Vatnajokull and Hofsjokull, while enclosed and rugged valleys are found
locally in other areas such as Nyjabaejarfjall in the north and Torfajokull/Fjallabak area in
the south (see Figure 1). Variations in topography thus have a marked influence on sense
of space and openness as well as impacting on patterns of visual impact and remoteness.

To control for this, the attributes used to map wilderness quality are restricted to
remoteness from mechanised access, absence of modern human artefacts, and perceived
naturalness of land cover, thereby avoiding possible bias by inclusion of a ruggedness layer
in this part of the method. These attributes, together with the data sources and approaches
used to map them, are described in Section 2.2 below.

Potential wilderness areas are defined by classifying the resulting WQI into interior
core, core, buffer, transition, and non-wild zones using statistical methods. Here, a Jenks
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Natural Breaks model is applied as per the Scottish WLA mapping [23]. The size and area
thresholds from the Wild Europe Working Definition for wilderness [28] are then applied
to these zones to produce a set of wilderness area boundaries meeting the criteria from
IUCN Category 1b guidelines and the NCA definition.

These areas are then described using additional information (including openness,
ruggedness, accessibility to centres of population, etc.) to create individual maps and
tabulate wilderness character descriptions building on the work and experience of the US
National Park Service ‘Keeping It Wild” wilderness character mapping [25].

2.2. Wilderness Attributes

Three attributes are used to model spatial patterns of wilderness and create a WQI for
the Central Highlands area. Justification for their inclusion, data sources, models used, and
outputs are described for each attribute below.

2.2.1. Remoteness from Mechanised Access

Remoteness is a key element determining wilderness quality since it affects how a
human subject feels being separated from the modern world and our mechanical modes
of transportation and also reflects both the effort required to obtain a location by non-
mechanical means and personal risk/safety should something go wrong (e.g., injury or
bad weather). Remoteness is modelled here using Naismith’s Rule [29] as described by
Carver et al. [22] for mapping wildness in Scotland’s National Parks. Given the varied
and challenging nature of the terrain found within the Central Highlands, it is essential
to include terrain as a principal variable governing remoteness across the area. A GIS
implementation of Naismith’s Rule used here incorporates detailed terrain and land cover
information to estimate the time in seconds required to walk from the nearest point of
mechanised access, be that a paved road or gravel track, taking the effects of distance,
relative slope, ground cover and barrier features such as open water, large rivers, crevassed
areas of icecaps and very steep ground into account. This assumes remoteness to be directly
proportional to the time taken to walk from the nearest road across varied terrain and land
cover types. This is performed in ArcGIS Pro 3.0 using the Distance Accumulation tools.
The implementation of this model of remoteness requires a detailed terrain model and
ancillary data layers that are used to modify walking speeds according to ground cover.
The model incorporates barrier features as null values which force a detour to find a safe
and suitable crossing point. Datasets used are listed in Table 1.

Table 1. Data sources.

Name Data Type Source Use
10 m digital terrain htps: Remoteness,
Arctic DEM 5 Raster //www.pgc.umn.edu/data/arcticdem/ viewsheds, openness,
model
(accessed on 1 February 2021) ruggedness
Lmi Landmeelingar Roads, coastline, Vector https:/ /www.lmi.is/is (accessed on Remoteness,
Islands buildings, etc. 4 March 2021) viewsheds, accessibility
Landsnet Power line routes Vector https://www.landsnet.is/ (accessed on Viewsheds
19 June 2021)
https:/ /www.openstreetmap.org/
(accessed on 1 February 2021) Remoteness
Open Street Map Roads Vector https:/ /download.geofabrik.de/europe/ . .
. viewsheds, accessibility
iceland.html (accessed on
1 February 2021)
AUI Farmland h'ttps:/ /www.moldin.net/nytjaland--- Naturalness,
Land cover Raster aui-farmland-database.html (accessed on
Database remoteness
1 February 2021)

Landscan Population Raster https://landscan.ornl.gov/ (accessed on Accessibility

22 August 2021)
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2.2.2. Absence of Modern Human Artefacts

This attribute refers to the lack of obvious human constructions within the visible
landscape, including roads, vehicle tracks, pylons, dams, reservoirs, buildings and other
built structures. A subject’s feeling of both naturalness and remoteness is significantly
affected by the number of human features that are visible at any location within the area of
interest and their distance from them. The choice of which human features to include here
is driven largely by what is understood to act as a wilderness detractor [30]. Early work on
the effects of human artefacts on wilderness quality has tended to focus on simple distance
measures [31], with more recent work using measures of visibility of human artefacts
derived from viewshed analyses and digital terrain models [22] to calculate the area from
which a given artefact can be seen using line-of-sight from one point of a terrain surface to
another [32]. A similar approach to that used by Carver et al. [22,25] is adopted here using
artefacts that are deemed to have an impact on wilderness, together with a detailed digital
surface model (DSM) and a rapid viewshed assessment method developed for the earlier
Cairngorm wildness mapping project [33].

It has been shown that the reliability of viewsheds produced in GIS is strongly depen-
dent on the accuracy of the terrain model used and the inclusion of intervening features
(buildings, woodland, etc.) or terrain clutter in the analysis [34]. Modern human artefacts
are extracted from appropriate datasets (see Table 1) and assigned appropriate height values
reflecting how tall they are and, therefore, how prominent they appear in the landscape.
Roads are modelled with a 3 m height value used to represent an average vehicle height.
Cumulative viewsheds, weighted according to artefact type and distance, are produced
using the Viewshed Explorer tool [32] to show the relative effects associated with the pres-
ence and absence of human artefacts, and the results processed in ArcGIS Pro 3.0. Bishop’s
work [35] on the determination of thresholds of visual impact were used to help define the
limits of viewsheds and the distance decay function used.

An inverse square distance function is used in calculating the significance of visible
cells in the GIS database. This function gives the relative area in the viewer’s field of
view that a cell or feature occupies in comparison to the background terrain surface taking
distance decay effects and the intervening terrain into account. The output is a unitless
grid, the numbers in which are dependent on the area of terrain and input features visible
from any point on the terrain surface.

2.2.3. Perceived Naturalness of Land Cover

Perceived naturalness is described here as the extent to which land management, or
lack of it, creates a pattern of vegetation and land cover which appears natural to the casual
observer. Perceptions of wilderness are in part related to evidence of land management
activities such as fencing, improved pasture and stocking rates, as well as presence of
natural or near-natural vegetation patterns. Here, the AUI Farmland [36] data were used
to describe perceived naturalness in the Central Highlands. Aspects of land management
are identifiable from national land cover datasets and enables their reclassification using
additional input from local experts (including mountain guides and park rangers) into the
naturalness classes shown in Table 2.

To account for the influence that patterns of land cover within the area immediately
around the observer location has upon perceived naturalness, the mean naturalness class is
calculated for each location within a 250 m radius neighbourhood using the Focal Statistics
tool in ArcGIS Pro 3.0. This unitless value is then assigned to the target cell to represent the
overall naturalness score for that location.

2.3. WQI and Zone Definition

A simple weighted linear summation MCE model is used to combine all three wilder-
ness attributes into a final WQI. All input attribute layers are normalised onto a common
unitless scale that enables cross comparison. This is accomplished by rescaling values
onto a 1-256 scale (256 values) using the equal intervals option in ArcGIS Pro 3.0 Slice
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tool, where low values are indicative of lower wildness. These normalised values are
then applied using an equally weighted MCE analysis within the ArcGIS Pro 3.0 Raster
Calculator. This allows the effects of each value to be accounted for and a final value for
wildness calculated. Weighting of individual attribute layers may then be altered to account
for different perceptions on priorities attached to each attribute but are maintained as equal
in this exercise assuming each input layer to the model is of equal importance.

Table 2. Naturalness classifications applied to AUI Farmland Data.

Naturalness Class Land Cover Class (from AUI Farmland Database)
0 No Data

1 Built

2 Cultivated Land/Shrubland

3 Grassland /Unknown (Lowland Vegetated)

4 Rich Heathland /Poor Heathland

Mossland /Damp Wetland /Wetland /Poorly

5 Vegetated /Barren/Lakes/Glacier/Unknown

This is a continuous model that ranges from least to most wild, and while useful as an
indication of these internal patterns, it needs to be reclassified into zones for it to be useful
in a planning and policy context for supporting decisions about protected area boundaries.
The WQI is therefore reclassified into Interior Core, Core, Buffer and Transition zones based
on a Jenks “Natural Breaks” Classification model. This follows the approached used by
SNH in their 2014 Phase 2 map of Wild Land Areas in Scotland [23]. The method examines
the distribution of the WQI values across the mapped area and divides these into a specified
number of classes such that the difference from the mean within each class is minimised.
The classification used here uses 5 classes as per the SNH 2014 methodology, with class 5
being labelled ‘Interior Core’, class 4 as ‘Core’, class 3 as ‘Buffer’, class 2 as ‘“Transition” and
class 1 being ‘Not Wild". The Wild Europe Working Definition for wilderness areas is used
to identify ‘Core” and ‘Core plus Contiguous Buffer” areas larger than 3000 ha (30 km?) and
>10,000 ha (100 km?2), respectively [28]. Jenks class 3 areas not contiguous with ‘Core” areas
> 3000 ha (together with any class 4 areas < 3000 ha) are classified as ‘Buffer” and all class 2
areas as ‘Transition” zones. All class 1 areas are classified as ‘Not wild’.

2.4. Wilderness Character

The wilderness zones derived using the above classification are further classified
according to a range of variables describing their geographical nature and wilderness
character. This includes area, elevation range, openness, ruggedness, accessibility, mobile
phone coverage, livestock grazing and landscape character classes. Further spatial models
are needed to map openness, ruggedness and accessibility to centres of population.

2.4.1. Openness

Openness follows the method developed by Yokoyama et al. [37] as a measure to
display surface features on a terrain model using a method independent of a light source
and as an alternative to other methods such as hillshading. The method allows for the
enclosure of each cell to be represented graphically, thus differentiating between wide open
spaces and closely enclosed valleys, assisting in defining the openness characteristics of
each identified wildland area. Topographic Openness is calculated from the terrain model
using the Skyview tool within the QGIS SAGA toolbox. This generates values representing
the proportion (percentage) of visible sky for each cell within the dataset.
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2.4.2. Ruggedness

Ruggedness is taken to refer to the physical characteristics of the landscape including
effects of steep and rough terrain that is frequently found across the Central Highlands. A
terrain model is used to derive indices of terrain complexity based on total slope curvature
(rate of change of slope in both plan and profile). Areas where curvature changes frequently
are identified because they are deemed to represent rapidly changing terrain and hence
ruggedness. A simple index defined as the standard deviation (SD) of total terrain curvature
within a 250 m radius of the target location is used to map variations in terrain ruggedness
utilizing the Curvature and Focal Statistics tools in ArcGIS Pro 3.0.

2.4.3. Accessibility

While there is a relatively well-developed network of gravel roads across parts of the
Central Highlands, with corresponding effects on remoteness from mechanised access as
described in Section 3.2, much of Iceland’s interior has a remote feel due in part to the time
it takes to get there from the main centres of population. This is an essential aspect of the
Central Highlands” wilderness character and is modelled here using a population-weighted
accessibility surface taking the road network, road type and average speed of driving
into account. A combination of a Cost Distance surface calculated using the Distance
Accumulation tool in ArcGIS Pro 3.0 and a simple weighted linear summation model in
the Raster Calculator is used with centres of population extracted from LandScan global
population data. Here we use population density thresholds (1 = 10) to identify a range of
population centres from farmsteads and villages to major towns and the city of Reykjavik.
These are used as journey source locations (origins) for the Cost Distance calculations based
on average estimated driving speeds according to road type and a background offroad
walking speed of 5 km/h. This enables the calculation of isochrone surfaces providing a
‘time taken to travel’ surface for each of the population density thresholds which are then
combined using the Raster Calculator in a linear weighted summation model using the
relative population thresholds as weights.

Maps from other existing sources are used to derive wilderness character information
pertaining to mobile phone coverage, livestock grazing and landscape character assess-
ments. Mobile phone coverage is remarkably good across much of Iceland, including the
Central Highlands. This is an important additional factor influencing wilderness character
since it affects the sense of remoteness. The ability to make an emergency call to summon
help should it be needed (e.g., in case of personal injury, vehicle breakdown, navigational
error, etc.) along with access to digital maps and GPS location has a significant impact on
wilderness character, self-reliance, solitude and risk. Livestock grazing is carried out over
the summer in parts of the Central Highlands. This includes both sheep and horses, the
latter being used principally for recreation. Associated with this grazing activity is fencing,
4x4 tracks and small huts/shelters. As a human economic land use, grazing of animals
and associated infrastructure has an influence on wilderness character in the areas where
it takes place. Finally, landscape character has been mapped across Iceland and the 27
different landscape type units across 7 categories described in a recent report prepared by
EFLA and Land Use Consultants, Scotland [38]. The boundaries of these landscape units
and the information contained in the report are used here to supplement the information
wilderness character.

3. Results

Results from the analysis and models applied are presented as a series of three nor-
malized and unitless wilderness quality attribute maps. These are combined to create a
WQI which is in turn classified into wilderness zones and a series of seventeen separate
wilderness areas meeting the criteria for European wilderness areas. Three wilderness
character maps are also presented to illustrate how further spatial data models can be
used and combined with existing maps to describe the unique characteristics of each of the
seventeen wilderness areas.

10
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3.1. Remoteness from Mechanised Access

Remoteness from mechanised access is calculated here using the above methods
described in Section 2.2.1 for both summer and winter conditions to account for differences
that occur between the two main seasons. During the summer months, vehicles are
restricted to established roads, and off-road driving is specifically prohibited. However,
during the winter months these rules are relaxed, and except for some restricted areas,
vehicles may travel anywhere in Iceland provided there is sufficient snow and ice cover.
The difference in relative remoteness between walking (summer or winter) and off-road
driving in 4 x 4 “super jeep” vehicles (winter) is very noticeable, with these vehicles
being able to cover greater distances in shorter times. This has potentially far-reaching
implications for the designation of areas of IUCN Category 1b wilderness, as described
later in the paper. Both summer and winter remoteness surfaces are shown in Figure 3.

Legend

{777 central Highlands Area of Interest
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Figure 3. Cont.

11



Land 2023, 12, 446

o | T e
0 25 50 100 Kilomaters.

Legend
777 Central Highlands Area of Interest
Remoteness from public road {winter super jeep)

! High

B Low

(b)
Figure 3. Summer (a) and winter (b) remoteness surface.

3.2. Absence of Modern Human Artefacts

Absence of modern human artefacts is used to represent the degree of visual intrusion
from built structures in the landscape. The model additionally highlights areas which are
in total shadow from all visual features owing to the shape of the local landscape. Such
areas of zero visual intrusion from modern human artefacts currently comprise a significant
portion of the core areas of the Central Highlands, many of which occupy the interior and
valleys which are entirely shielded by their topography. While occurring less frequently in
the proximity of modified areas, pockets entirely bereft of visual intrusion can be found
everywhere, owing to the high relief and general ruggedness of the terrain. The output
layer describing the absence of modern human artefacts, including buildings and other
structures, roads, hydro-power schemes and power lines, is shown in Figure 4, with areas
of zero visual intrusion highlighted in white.

12
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Figure 4. Absence of modern human artefacts.

3.3. Perceived Naturalness of Land Cover

Perceived naturalness of land cover is mapped from the AUI Farmland Database using
the methods described in Section 2.2.3. The resulting attribute map is shown in Figure 5.
Except for the areas immediately surrounding roads, huts, reservoirs and associated power
infrastructure, the vast majority of the Central Highlands presents as the highest category
on the naturalness scale. The effects of farming and urban areas around the coast fringe are
clearly visible in the lower naturalness scores seen in these regions.

13
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Figure 5. Perceived naturalness of land cover.

3.4. Wilderness Quality Index

The final WQI is shown in Figure 6. This shows the pattern in spatial variations in
wilderness quality across the whole of the Central Highlands study area taking the three
wilderness attributes of remoteness, visual impact from human features and naturalness
of land cover into account. A series of five wilderness zones based on the reclassification
of the WQI is shown in Figure 7. Strong spatial patterns influenced by the major icecaps
of the Vatnajokull, Hofsjokull, Langjokull and Myrdalsjokull can be seen as defining the
Interior Core wilderness zones and the network of gravel roads, powerlines, hydro-power
schemes and other human infrastructure playing a major role in defining the pattern of
buffer and transition zones. Hydro-power reservoirs are large unnatural features and so
stand out particularly strongly in Figure 6. Roads and power lines emanating from these
complete the picture, dissecting the Central Highlands area into a series of large wilderness
areas (Core and Interior Core zones) and their surrounding Buffer and Transition zones
in Figure 7.

14
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Figure 6. Wilderness Quality Index (WQI) for the Central Highlands.

3.5. Wilderness Area Definition

Applying the size/area constraints from the Wild Europe Working Definition identifies
Core wilderness zones as Interior Core and Core areas (Jenks classes 4 and 5) larger than
3000 ha (30 km?) together with contiguous buffer zones (Jenks class 3) larger than 10,000 ha
(100 km?) as wilderness. These are shown in Figure 8 together with core areas less than the
required 3000 ha and transition zone (Jenks class 2) as possible [IUCN Category 2 areas. This
results in the delineation of seventeen wilderness areas across the Central Highlands and
adjacent landscapes. Of these, fourteen lie inside the Central Highlands and three outside,
totaling some 28,470 km?, of which 26,404 km? is inside and 2066 km? is outside the area
of interest. Together, these cover over 47 percent of the Central Highlands area of interest
(55,400 km?2), plus three in adjacent areas, of which 19,500 km? is public land and 8970 km?
privately owned. Also shown on this map are the existing protected areas. These include
the internationally important Vatnajokull National Park, the Myvatn-Laxa and Pjosarver
Ramsar Sites and the Pjérsaver and Fjallabak Nature Reserves, but crucially in respect to

15
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the work and results presented here, there are no extant designated wilderness areas. While
these wilderness areas are geographically distinct, some are divided and fragmented by
narrow corridors created by gravel roads, further illustrating the significance of mechanised
access on remoteness and visual impact.

Legend
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Figure 7. Wilderness zones in the Central Highlands.
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Figure 8. Wilderness areas 1-17 meeting Wild Europe Working Definition.

3.6. Wilderness Character

The wilderness areas shown in Figure 8 are further classified according to a range
of variables describing their geographical nature and wilderness character, including the
modelled and normalized variables for openness, ruggedness and accessibility as shown
in Figures 9-11. Table 3 summarises each of the seventeen wilderness areas by their
geographical characteristics. The character of each wilderness area is described in further
detail. Area 12 Vatnajokulssveedid is provided here as an example (see Figure 12).

17
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Figure 9. Obtained values for Openness for the Central Highlands.

Table 3. Wilderness character summary figures.

Openness Ruggedness > Accessibility 3

Nol Name Area (km?) Altitude (m) (Mean, %) (Mean) (Mean)
1 Keflavik og Latrastrond 124 17-1168 88 1.54 22,180
2 Heljardalsfjoll 2083 30-983 97 0.40 30,213
3 Nattfaravikur og Kinnarfjsll 237 9-1214 91 1.11 20,507
4 Trollaskagi 1478 34-1440 89 1.33 18,167
5 Smjorfjoll 870 109-1255 96 0.53 29,108
6 Dimmifjallgarour 511 351-1037 96 0.52 25,968
7 Nyjabaejarfjall 1198 189-1541 93 0.93 19,060
8 Bleiksmyrardalur 1402 130-1254 96 0.62 20,225
9 Odadahraun 1379 382-1678 98 0.44 29,226
10 Fljotsdalsheidi 413 297-710 99 0.25 29,548
11 Askja i Dyngjufjollum 380 523-1517 96 0.60 29,530
12 Riki Vatnajokuls 12,315 4-2108 97 0.53 30,002

18



Land 2023, 12, 446

Table 3. Cont.

IS B 3
No!l Name Area (km?)  Altitude (m) 8}[’::1:“’;3) R“%f,ffa‘;sss A“flf’:;';ﬂ)’ty
13 Hofsjokull og bjorsarver 1907 554-1789 98 0.35 18,796
14 Langjokull 2095 294-1670 97 0.45 14,472
15 Trolladyngja 546 750-1465 98 0.38 25,674
16 Fjallabak 408 67-1383 93 1.26 14,115
17 Myrdalsjokull og Eyjafjallajokull 1124 56-1637 95 0.87 13,426

! Number code for each of the seventeen wilderness area corresponding to the numbers and locations shown in
Figure 8. 2 Ruggedness is a unitless number calculated as standard deviation of slope curvatures (rate of change
of slope) within a 250 m radius. Higher numbers indicate greater ruggedness. 3 Accessibility is a unitless number
calculated as a population and distance weighted surface taking typical road class driving speeds into account.
Lower numbers indicate an area closer to more populated areas, such as Reyjavik and Akureyri (with shorter
driving times), and higher numbers indicate those further away (with longer driving times).
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Figure 10. Obtained values for Ruggedness for the Central Highlands.
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Figure 11. Obtained values for accessibility for the Central Highlands.
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Wilderness Area 12: Vatnajokulssveedid

Sources. Esn, HERE. Garmin intermap, incrament P Corp, GEBCO.
P USGS, FAD, NP5, NRCAN, GeoBase. IGH, Kadasint M. Ordmance
Y Riers. Burvey. Esn dapan METI. Esn China (Horeg Kang), (c) OpenStrestidap

oML, and the GIS Lists Commiunty

General setting and description: The Vatnajokull and its surrounding
landscape is perhaps the most iconic of all Icelandic wilderness
landscapes. The area is large and is the largest ice cap in Iceland.

Topography The topography of Vatnajokulssvadid is dominated by
the vast ice cap, sub-glacial volcanoes (Grimsvotn, Bardarbunga,
Tungnafellsjpkull, Kverkfjoll and Oraefajékull), glacier flows from
around its edges and rugged mountain ridges. The Vatnajokulssvadid
also includes an area of coastal mountains and uninhabited valleys in
the east.

Landscape assessment: The landscape is varied with large expansive
open areas on the ice cap and to the north and complex, enclosed, and
rugged areas around the edges of the glacier to the south and east.
Here, the ice flows have carved deep valleys with further open areas
across the expansive lakes and rivers along its southern coastal
margin.

Land use: Most of the landscape is snow- and ice-covered and there is
no livestock grazing to the west and north of the glacier, but sheep
graze in the southeast valleys where there is also reindeer hunting.
The main land use is recreation and tourism. Mobile phone coverage
is generally poor, with many areas without signal. Much of the area is
extremely remote.

Figure 12. Vatnajokulssvaedio wilderness character and description.
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4. Discussion

The use of proxy measures for wilderness area mapping has its origins in some of the
earliest global scale mapping. McCloskey and Spalding [31] defined the world’s remaining
wilderness as those areas more than six kilometres from the nearest settlement, road,
railway or navigable river using 1:2 million scale Jet Navigation Charts. Ibisch et al. [39]
provide a more up-to-date estimate of the world’s remaining roadless areas using a buffer
distance of 1 km, finding that only 7% of the world’s land surface is covered by roadless
areas greater than 100 km?. While such buffers are useful as global proxies, remoteness and
visual impact are better modelled using more sophisticated methods at national or local
scales. For example, is it safe to assume that all roads are equal? Does a paved highway
exert a greater influence than a gravel track? Does a small cluster of farm buildings have
the same impact as a large town or city? How does topography and associated barriers
to movement and resistance to travel affect their impact? Does the fact that you can or
cannot see the nearest road from where you stand alter how you think about remoteness?
All these factors and their influence are too complex to map using simple buffer zones
and thus require more nuanced models that measure their impact in terms of remoteness
and visibility.

It is instructive to compare the wilderness areas in Figure 8 with previous wilderness
maps drawn for Iceland. These include the EU Wilderness Index [9], the map provided by
Olafsdéttir and Runnstrém [40], and the most recent map by Ostman et al. [20]. Figure 13
shows these maps superimposed over the seventeen wilderness areas from Figure 8. A
simple visual comparison of the wilderness areas developed here and those based on the EU-
level WQI from Kuiters et al. [9] in Figure 13a demonstrates a reasonable degree of similarity.
This is only to be expected since, despite differences in criteria, data and approach, these
maps are dealing with the same landscape and the same underlying characteristics of
wilderness, namely, remoteness and naturalness, measured along a continuum from least
to most wild. Comparisons with those maps derived from simple buffer zones around
selected human features show much larger levels of disagreement, with the maps from
Olafsdéttir and Runnstrém [40] and Ostman et al. [20] including substantially greater areas
of wilderness when compared to the results of the current analysis.

The Olafsdéttir and Runnstrém [40] map in Figure 13b is a straightforward spatial
mapping of the criteria described in the previous text of the NCA No 44 /1999, which maps
those areas more than 5 km from a road or building as simple buffers and then selects those
that are more than 25 km? in size. Here, all buildings and public roads are used regardless
of road grade or building size, with the result that a small hut or shelter has the same effect
as a large geothermal power station on the wilderness buffers. The scale of development
and the influence or impact that this has on the landscape is therefore not considered. The
work by Olafsdéttir and Runnstrém [40] does expand the mapping further by including
a binary viewshed analysis to show the zones of theoretical visibility (ZTVs) of human
features, but this is not included in the final wilderness map.

The Ostman et al. [20] map shown in Figure 13c employs the same criteria but excludes
gravel roads from consideration, despite their proven impact on remoteness and visibility.
Previous work by Arnason et al. [41] applied the 5 km buffer to all roads in the national
register of the Road Authority, producing a map that is much nearer to that by Olafsdéttir
and Runnstrom [40]. Ostman et al. [20] apply buffers of 3 km and 5 km around power
lines depending on the voltage level. There is an attempt to take relative level of impact
into account by varying the buffer distances applied based on a scoring system calculated
from the use and number of buildings/structures present, their surface area, visibility and
connection to the road network, while paved roads are buffered at a uniform 5 km. The
resulting wilderness area boundaries are much more extensive than those presented by
Olafsdéttir and Runnstrém [40] or in the work presented here and conform more closely to
the suggested IUCN Category 2 areas shown in Figure 8. This is largely due to the exclusion
of gravel roads from consideration and the use of simple buffering, albeit modified with a
scoring system.
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The exact boundaries of the core areas and buffer/transition zones drawn here in
Figure 8 are, in contrast, derived from detailed spatial data and models that measure the
impact of human artefacts, remoteness and naturalness to create a WQI rather than relying
on simple proxies such as distance buffers. The WQI is classified using statistical methods
that take the full range of wilderness quality measures across the Central Highlands into
account. As a result, the boundaries at this stage tend to be complex and quite fragmented
as seen in Figure 8. It is suggested here that these will need to be simplified for planning
and policy use (as with the Phase 3 WLA boundaries produced by SNH [23]), but that the
maps provide a rigorous and robust approach to informing such policy decisions at a later
stage in the designation process.

The reliability and repeatability of the methods developed here naturally lend them-
selves to “what if?” analyses of proposed future developments. This, again, can provide
an invaluable source of information to support planning and policy decisions regarding
development proposals for significant infrastructure within or adjacent to wilderness areas.
Such repeat modelling of wilderness quality with and without the features in place can be
used to gauge the impact of the proposed development and quantify the area of wilderness
lost should the development be allowed to move forward.

European wilderness
continuum map
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Figure 13. Cont.
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Figure 13. Comparison with wilderness maps from: (a) Kuiters et al. (2013), (b) Olafsdéttir and
Runnstrom (2011), and (c¢) Ostman et al. (2021).

24



Land 2023, 12, 446

Winter driving offroad over snow and ice remains an issue that requires further
attention. While much of the mapping and analysis carried out here relates to summer
conditions and rules (e.g., limiting vehicles to those roads usable by the public), the maps
in Figure 3 demonstrate the potential effect of winter offroad driving in greatly reducing
remoteness. This is an issue that could potentially limit opportunities for the Icelandic
government to designate large areas of the Central Highlands under IUCN Category 1b
due to the explicit exclusion of mechanical means of transportation in IUCN wilderness
area guidelines. This requires careful engagement with the 4x4 community to explore
options for limiting offroad winter driving to certain areas outside of mapped wilderness
cores as mentioned in Article 46(2) of the NCA “ ... and to ensure that present and
future generations can enjoy solitude and the nature without disturbance from man-made
structures or the traffic of motorized vehicles”.

5. Conclusions

The co-related aims of protecting pristine nature and facilitating tourism and recre-
ational use is a key challenge facing the Icelandic government in the Central Highlands.
This requires striking a careful balance between visitor use, resource exploitation and the
preservation of nature [42]. Nowhere is this more important than in the potential conflicts
between winter offroad driving, renewable energy developments and wilderness desig-
nation. Detailed and accurate mapping of landscape attributes and human impacts are
key to sustainable decision making about wilderness landscapes in this regard. This paper
presents a significant improvement on existing approaches to mapping wilderness areas
in Iceland both in terms of detail and methods used and one that carefully considers and
takes account of local nature conservation legislation.

The work described is the most detailed and accurate mapping of wilderness quality
and wilderness character for the Central Highlands of Iceland that has been carried out
to date. This has enabled the definition of seventeen separate and distinct wilderness
areas along with surrounding buffer and transition zones. A key advantage over existing
studies is the use and adaptation of internationally recognised methods and wilderness
standards which use direct measurement and modelling of spatial factors determining
wilderness quality. This is supplemented by wilderness character assessments based on
additional mapping and descriptions of spatial factors affecting the individual wilderness
landscapes and their unique character. The use of a 4Rs approach ensures rigour, robustness,
repeatability, and reliability in the work carried out.

The work and the maps presented in this paper differ significantly from previous work
in that rather than using simple distance/area proxies, the attributes mapped here represent
the actual measurement of human impacts from land use, settlement, and infrastructure
development on wilderness landscapes. The WQI and seventeen wilderness areas identified
can be seen as an important step towards the formal definition of boundaries of wilderness
areas meeting IUCN Category 1b and Wild Europe Working Definition in Iceland. Further
work is recommended to complete the mapping for the whole of Iceland as mandated in the
amendment to the 2013 NCA in Article 73a 2021 [11]. This could be supplemented where
necessary by additional models to account for variations in remoteness around the coastal
areas and islands, where different modes of travel/access will play an important role, and
by comparison with ecological data on protected habitats and species distributions.

Finally, we suggest that the 4Rs approach developed here, along the methods and
models applied, could be usefully applied across all countries of Europe taking the individ-
ual national datasets and conditions pertaining to wilderness and its relevance to social,
political and cultural understanding into account. This could, with cross-border collabora-
tion where necessary, help better map the patterns of Europe’s remaining wilderness areas
and inform decisions regarding their future protection in meeting the recommendations
from the European Parliament resolution on wilderness [7] and joint agreements on nature
protection and restoration of degraded ecosystems under the UN Sustainable Development
Goals [5], the Global Biodiversity Framework Convention on Biological Diversity action
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oriented targets and the recent Kunming-Montreal agreement calling on signatories to
protect 30% of land and sea for nature by 2030 [43]. If we are to meet these commitments,
then rigorous, robust, reliable and repeatable methods of mapping wilderness boundaries
will be required in supporting the decisions made.
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Abstract: Maintaining and improving the connectivity of protected areas (PAs) is essential for
biodiversity conservation. The Post-2020 Global Biodiversity Framework (GBF) aims to expand the
coverage of well-connected PAs and other effective area-based conservation measures to 30% by
2030. We proposed a framework to evaluate the connectivity of PAs and developed strategies to
maintain and improve the connectivity of PAs based on PA connectivity indicators, and we applied
this framework to China’s terrestrial PAs. We considered that the concept of PA connectivity is at the
level of both PA patches and PA networks, including four aspects: intra-patch connectivity, inter-patch
connectivity, network connectivity, and PA-landscape connectivity. We found that among China’s
2153 terrestrial PA patches, only 427 had good intra-patch connectivity, and their total area accounted
for 11.28% of China’s land area. If inter-patch connectivity, network connectivity, and PA-landscape
connectivity were taken as the criteria to evaluate PA connectivity, respectively, then the coverage of
well-connected terrestrial PAs in China was only 4.07%, 8.30%, and 5.92%, respectively. Only seven
PA patches have good connectivity of all four aspects, covering only 2.69% of China’s land. The
intra-patch, inter-patch, network, and PA-landscape connectivity of China’s terrestrial PA network
reached 93.41%, 35.40%, 58.43%, and 8.58%, respectively. These conclusions indicated that there is
still a big gap between China’s PA connectivity and the Post-2020 GBF target, which urgently needs
to be improved. We identified PA patches and PA networks of ecological zones that need to improve
PA connectivity and identified improvement priorities for them. We also identified priority areas
for connectivity restoration in existing PAs, potential ecological corridors between PAs, and priority
areas for PA expansion to improve the connectivity of PAs in China. Application of our framework
elsewhere should help governments and policymakers reach ambitious biodiversity conservation
goals at national and global scales.

Keywords: biodiversity conservation; connectivity; protected areas; dispersal probability; least-cost
distance; ecological corridor

1. Introduction

Biodiversity loss and climate change are urgent and critical crises to which humanity
must respond [1-3]. Connectivity can facilitate a range shift and the climate resilience of
species [4,5]. Maintaining and improving connectivity is essential for achieving long-term
biodiversity outcomes in response to climate change [6-8]. Research has shown that habitat
connectivity is sensitive to climate change and may be lost more rapidly than habitat
area [9,10]. In summary, connectivity loss has a robust, lasting, and negative impact on
biodiversity and is, therefore, a major threat to biodiversity maintenance [11,12].

The establishment of protected areas (PAs) is a vital initiative for biodiversity con-
servation [13-16], and connectivity is necessary, and even of central importance, for the
effectiveness of PAs [17,18]. Both the Conservation for Biodiversity Aichi Targets [19] and
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the Post-2020 Global Biodiversity Framework (GBF), which is under discussion globally,
emphasize the importance of PA connectivity and set global PA connectivity targets. Aichi
Targets and the First Draft of the Post-2020 GBF call for 17% and 30%, respectively, of the
global land area to be conserved through well-connected PAs and other effective area-based
conservation measures (OECMs) [19,20].

Research on connectivity evaluation has led to the development of different connec-
tivity indicators [21,22]. The probability of connectivity (PC) is a widely used indicator
to evaluate the connectivity of PAs [23-25]. Based on PC, Saura et al. (2018) used the
ProtConn indicator and found that only 7.5% of global terrestrial land is covered by well-
connected PAs, whereas in case of China, the value is 8-12% [26]. Ward et al. (2020) used
the ConnlIntact indicator and found that intact land structurally connected only 10% of the
terrestrial PAs globally [27]. Among the existing global PA connectivity assessment studies,
some focused on the connectivity of the PA network including intra-patch connectivity and
inter-patch connectivity [25,26,28], while others concentrated on the connectivity between
PA patches (inter-patch connectivity) [27,29]. It is necessary to integrate the connectiv-
ity at different levels and aspects into a unified framework to comprehensively describe
connectivity and propose systematic approaches to address it accordingly.

We considered that the concept of PA connectivity includes the intra-patch connectivity,
inter-patch connectivity, network connectivity, and PA-landscape connectivity of both PA
patches and PA networks (Figure 1) based on previous studies [23,27,30-32]. For a PA
network that includes several PA patches located in a landscape, we distinguish the above
concepts of connectivity according to the following definition. The intra-patch connectivity
of a PA patch means the connectivity within the PA patch. The inter-patch connectivity of a
PA patch means the connectivity between it and other PA patches within the PA network.
The network connectivity of a PA patch means its connectivity with the PA network that
includes its intra-patch connectivity and its inter-patch connectivity with other PA patches.
The PA-landscape connectivity of a PA patch means the connectivity between this PA patch
and the whole landscape. The intra-patch connectivity of the PA network includes the
connectivity within every PA patch of the PA network. The inter-patch connectivity of the
PA network includes the connectivity between every patch pairs within the PA network.
The network connectivity of the PA network includes the intra-patch connectivity of every
PA patch within the PA network and the inter-patch connectivity between every patch pair
within the PA network. The PA-landscape connectivity of the PA network includes the
connectivity between every PA patch and the whole landscape.

This study proposed a set of indicators to evaluate the PA connectivity of both PA
patches and PA networks based on dispersal probability and the PC indicator [23], and all
of these indicators range from 0 to 1. The probability of connectivity of intra PA patches
(PCintra) indicator measures intra-patch connectivity, the probability of connectivity of
inter PA patches (PCinter) indicator measures inter-patch connectivity, the probability of
connectivity with the PA network (PCnet) indicator measures network connectivity, and
the probability of connectivity with the whole landscape (PCland) indicator measures
PA-landscape connectivity. We established a PA connectivity evaluation and strategy
development framework based on these PA connectivity indicators (Figure 1).

The aim of this study is to provide a framework on PA connectivity evaluation and
improvement for post-2020 biodiversity conservation and illustrate how this framework
can be applied and guide the management of PAs, using China as an example. In the
methods section, we explain the calculation methods of different connectivity indictors
and how to determine the connectivity maintenance or improvement strategies according
to the connectivity evaluation results. In the results section, we show the calculation
results of the connectivity indicators of the PA networks and PA patches in China, the
connectivity strategy classification results of PAs based on connectivity indicators, and the
spatial priority area to improve PA connectivity in China.
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Figure 1. A framework for protected area (PA) connectivity evaluation and strategy development
based on connectivity indicators and conducted from four perspectives: intra-patch, inter-patch,
network and PA-landscape connectivity.

2. Materials and Methods
2.1. Protected Areas and Ecological Zones

The natural conservation geographical regionalization scheme of China [33], which
aims to guide China’s biodiversity conservation and establishment of the PA system, was
adopted in this study. This biogeographic regionalization scheme divides China’s land
into 38 terrestrial ecological zones. The South China Sea island tropical humid zone (VIII2),
which has no terrestrial PAs, was not included in the analysis. This study assumed that
PAs need to connect with PAs within the same ecological zone, and we evaluated PA
connectivity separately at the ecological zone scale.

We used data collected for various types of terrestrial PAs in China, including
819 polygons and 3163 points. The polygon data included data for 10 national parks,
which were mapped according to the national park pilot area plans released by the Chinese
government. Data for 252 national nature reserves and 377 local nature reserves were
extracted from information published by the Chinese government. The data were merged
with data on 180 PAs in China provided by the World Database on Protected Areas (WDPA)
for September 2020 (https:/ /www.protectedplanet.net (accessed on 5 January 2021)). The
point data included scenic areas, forest parks, and geoparks, which we collected according
to information released by the Chinese government. Areas of high ecological integrity
within 2 km of the point data were used instead of the point data, as many studies have
shown that it is reasonable to use areas of high ecological integrity for connectivity analy-
sis [30,34-36]. In this study, global-scale, very low human impact areas [37] and China-scale
wilderness areas [38] were selected to form high ecological integrity areas. The polygon
data were merged with the high ecological integrity areas that replaced the point data. We
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intersected the PA patches with ecological zones and obtained 2153 PA patches covering
14.68% of China’s land surface with a total area of 1,409,761 km?.

2.2. Resistance Surface

The resistance surface measures how difficult it is for an organism or ecological flow
to move successfully [36] or measures the relative cost of passing through a gridded
mapped surface [39]. Many studies create resistance surfaces based on the degree of
human modification, naturalness, or other similar indicators [30,39-41]. In this study, we
created a resistance surface based on the global land-scale human modification indicator,
HMc, which estimates the cumulative human modification of the land using 13 global
human stressor datasets with 2016 as the median year; the value is between 0 and 1 and
has a spatial resolution of 1 km [42]. The stressor datasets included human settlement
(population density, built-up areas), agriculture (cropland, livestock), transportation (major
roads, minor roads, two tracks, railroads), mining and energy production (mining, oil wells,
wind turbines), and electrical infrastructure (powerlines, nighttime lights) [42]. Despite
the uncertainties that global data might bring, this was the best available data on human
modification of China’s land. We performed an exponential transformation of HMc, similar
to Cao et al. (2020) [30], and we formed a resistance surface R between 1 and 1000 using the

following equation:
efMe _ 1

R=1+999+ ———— 1)

Finally, we removed areas covered by water bodies and glaciers extracted from land
use data of China from the resistance surface (Figure S1), assuming that terrestrial animals
do not pass over glaciers or through water bodies during dispersal. The land use data were
obtained from the Resources and Environmental Science Data Center, Chinese Academy of
Sciences (Beijing, China; http:/ /www.resdc.cn/ (accessed on 16 June 2021)).

2.3. PA Connectivity Evaluation

For a PA network in a landscape that includes n PA patches, the area of PA patch i
was noted as aj(i=1,2....,n), the total area of the PA network was Ay = YI' ; a;, and
the total area of the landscape was Aj,. We evaluated the connectivity of PAs by dispersal
probability, which can be estimated as a negative-exponential function of distance [32,43].

2.3.1. Intra-Patch Connectivity

As the distance an animal can disperse within a certain time duration is limited, the
intra-patch connectivity of a patch can be simplified as the probability of a successful
dispersal of a fixed distance from every point in a patch. We created a dispersal probability
surface (with a value of P) (Figure S2) from the resistance surface. When the resistance
surface is raster data with a cell side length D and a value R, for any cell on the raster
surface, the cost distance is R when animal dispersal in the cell moves a distance D, and the
dispersal probability P is as follows:

P=e MR @)

In the present study, R was between 1 and 1000, so we defined h as 1/1000, considering
that the dispersal probability is 1/e (0.3679) when R takes the maximum possible value of
1000, and e~1/1900 (0,9990) when the resistance is the minimum value of 1, which is very
close to 1.

The PCintra of PA patch i is defined as the probability of a successful dispersal of a
fixed distance from any point within this patch and can be calculated as the average value
of the dispersal probability surface within this patch:

PCintra; = average(P) (patchi) (3)
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The PCintra of the PA network is defined as the probability of a successful dispersal of
a fixed distance from any point within patches can be calculated as the average value of the
dispersal probability surface within the PA network:

PCintra = 2?71 Aa—i* PCintra; 4)
— AN

After creating the dispersal probability surface, we used the partition statistics tool of
ArcGIS 10.2 to calculate the PCintra of the PAs.

2.3.2. Inter-Patch Connectivity

Dispersal probability p;; characterizes the feasibility of a step between patches i and ,
where a step is defined as a direct movement of a disperser between two habitat patches
without passing by any other intermediate habitat patches [23]. We considered that an
animal that moves from one patch i to another patch j first needs to move from some
point A inside patch i to some point B on the edge of patch i; then, it moves successfully
from point B through the matrix, to some point C on the edge of patch j, and from C to
some point D inside patch j. The probability of successful dispersal from points A to B is
PCintra;, and the probability of successful dispersal from points B to C can be estimated as
a negative-exponential function of the inter-patch distance djj [32,43]. The probability of
successful dispersal from points C to D is PCintraj. Then, the probability of direct dispersal
between patches i and j is calculated as follows (k is a constant):

Py = PCintra; * e <% « PCintra; 5)

The value of pj; is the maximum product probability of all possible paths between
patches i and j (including single-step paths) [23]. For the case of indirect dispersal from
patch i through patch k to patch j, the probability is equal to the product of the probability
of success of each step of the animal’s movement:

ng =Pp;* e Kk x Py * eikdk"Pj (6)

The inter-patch distance dj; can be estimated by the Euclidean distance or least-cost
distance [23,44]. Measuring the connectivity between patches based on Euclidean distance
does not reflect spatial heterogeneity, and this approach is considered unreasonable by
some researchers [45]. Therefore, the least-cost distance was used as the inter-patch distance
in this study. The Linkage Pathways Tool of Linkage Mapper Toolbox 2.0 (available at
http:/ /www.circuitscape.org/linkagemapper (accessed on 4 March 2021)) was used to
calculate the least-cost distance between patches and obtain the least-cost paths (LCPs).
The median distance refers to the distance corresponding to a dispersal probability of
0.5 and can be used to define the factor k in the equation for calculating the dispersal
probability [25]. In the latest global PA network connectivity evaluation study, 10 km
was used as the median distance [28]. Thus, we multiplied 10 km by the average value
of the resistance surface of China (219.34) as the median cost distance, and then, we set
k = 0.000316.

The PCinter; of PA patch i is defined as the probability that an animal randomly
departs from any point within this patch and successfully disperses to any point in other
patches, and it can be calculated as follows:

o Lsapj  Niapj
PCinter; = 5 =
Ej#i aj AN — aj

@)

The PCinter of the PA network is defined as the probability that an animal randomly
departs from any point within the network and successfully disperses to any point located
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in different patches from the departure point. The probability that the departure point falls
inpatchiisa;/AN(i=1,2....,n); thus, the probability of successful dispersal is as follows:

PCinter = Z?_l i PCinter; (8)
— AN

A

After calculating PCintra for each PA patch and dj; between patches, we calculated the
PCinter of each PA patch using the Conefor 2.6 software [46].

2.3.3. Network Connectivity

The PCnet; of patch i is defined as the probability that an animal randomly departs
from any point within this patch and successfully disperses to any point in the network.
The probability that the destination point falls in patch jis aj/An(j = 1,2....,n); thus, the
probability of successful dispersal of an animal from patch i can be calculated as follows:

L aps ) _a
Z“%N]P” = PCintra; * AaTl\I + PCinter; * AI\AN & )

PCnet; =

The PCnet of the PA network is defined as the probability that an animal randomly
departs from any point in the network and successfully disperses to any point in the
network. The probability that the departure point falls in patchiisa;/AN(i=1,2....,n);
thus, the probability of successful dispersal was calculated as follows:

n aj

PCnet = Zkl A
— AN

+ PCnet; (10)

The proportion of connectivity of intra PA patches (PROCintra) indicator and the
proportion of connectivity of inter PA patches (PROCinter) indicator describe the proportion
of network connectivity provided by intra-patch connectivity and inter-patch connectivity,
respectively.

The PROCintra; and PROCinter; of patch i can be calculated as follows:

Dk
PROCintra; = —Fii__ (11)
Lj=13jPj
n o apsk
PROCinter; — Z%I}L;P’f” — 1 - PROCintra; (12)
j=1 9Pjj

The PROCintra and PROCinter of the PA network can be calculated as follows:

Yil 1 aj * PCnet; * PROClintra;
Y, a« PCnet;

1

PROCintra =

(13)

Y ; aj * PCnet; * PROCinter;

PROCinter =
et Y, aj* PCnet;

= 1 — PROCintra (14)

2.3.4. PA-Landscape Connectivity

The PCland; of patch i is defined as the probability that an animal randomly departs
from any point within this patch and successfully disperses to any point in the landscape.
In this study, we assumed that when the destination point is out of the PA patches, the
animal could not disperse successfully. The probability that the destination point falls in
patchjis a /AL(j =1,2....,n); thus, the probability of successful dispersal of an animal
from patch i can be calculated as follows:

-1 3P A
PCland; = % = PCnet; « (15)
L L
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The PCland of the PA network is defined as the probability that an animal randomly
departs from any point in the PA network and successfully disperses to any point in the
landscape. The probability that the destination point falls in patchiisa;/Ap(i=1,2....,n);
thus, the probability of successful dispersal was calculated as follows:

PCland = Zin_l :—i* PCland; = PCnet *% (16)
=1 Ay N

2.3.5. PAs with Good Connectivity

According to the Post-2020 GBF objectives for PAs, it is necessary to define good
connectivity. For PA patches and PA networks, when the PCland indicator reaches 30%,
its PA-landscape connectivity is considered to be well; otherwise, its PA-landscape con-
nectivity is not well based on the Post-2020 GBEF. Similarly, we considered whether the
PCintra, PCinter, and PCnet reach 90%, 50%, and 60% as the standards to judge whether
the intra-patch connectivity, inter-patch connectivity, and network connectivity are good.
There is a relative lack of research on the standards of good connectivity. There are two
main reasons why we decided on these standards. First, these indicators have a relative size
relationship; that is, for a PA patch, the value of PCintra is greater than the value of PCnet,
and the value of PCnet is greater than the value of PCinter, so they should be given different
standards. Second, 90%, 50%, and 60% are values that are easier for managers of PAs to
understand. We discussed the impact of standards on the coverage of well-connected PAs
in the discussion section.

2.4. Strategy Development for PA Connectivity
2.4.1. Strategy Classification of PA Connectivity Based on Indicators

We classified PA patches and PA networks into 16 categories based on whether the
four aspects of connectivity were good or not, and each category corresponded to a four-
letter string, although some may not actually exist. When a PA patch’s intra connectivity
was good, it was marked as category A; otherwise, it was marked as category B. We
classified inter-patch connectivity, network connectivity and PA-landscape connectivity
in the same way. We combined those letters in order of intra, inter, network and PA-
landscape to obtain a four-letter string. For example, PAs classified as AAAA had good
intra-patch, inter-patch, network and PA-landscape connectivity, and class ABBB only had
good intra-patch connectivity.

When the intra-patch, inter-patch, network or PA-landscape connectivity reaches
good, it should be maintained, and when it is not good, it should be improved. For
example, PAs classified as AAAA needed to maintain the four aspects of connectivity, and
class AAAB needed to maintain intra-patch, inter-patch and network connectivity and
improve PA-landscape connectivity.

There are four strategies to improve PA connectivity (Figure 1). The enhancement
of existing PAs through habitat restoration, construction of wildlife crossings, and other
methods is a strategy to improve the intra-patch connectivity, which then can improve inter-
patch, network and PA-landscape connectivity. The construction of ecological corridors is
a widely used effective measure to improve inter-patch connectivity [7,47,48], which then
can improve network and PA-landscape connectivity. Similar to ecological corridors, the
expansion of existing PAs and the establishment of new PAs can reduce the cost distance
between existing PA patches and thus improve inter-patch, network and PA-landscape
connectivity. These two methods can also improve PA-landscape connectivity by increasing
PA coverage.

2.4.2. Spatial Priority Area for PA Connectivity Improvement

Within existing PA patches requiring improved intra-patch connectivity, areas with a
dispersal probability of less than 90% (corresponding to the good intra-patch connectivity
standard) were identified as priority areas for enhancing existing PAs. We identified the
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LCPs between two PA patches that both needed to improve inter-patch connectivity as
priority ecological corridors. We considered high ecological integrity areas along these
LCPs as priority areas for the expansion of existing PAs and the establishment of new PAs
because of both high integrity and high connectivity contribution.

3. Results
3.1. Connectivity of PAs in China

Our result showed that the PCintra of China’s PA network was 93.41%, which indicated
that the connectivity within China’s PA network is good. However, the PCintra of the
2153 PA patches varied greatly from 99.90% to 43.17% (Figure 2a). A total of 427 patches had
good intra-patch connectivity, accounting for 11.28% of China’s land area. The intra-patch
connectivity of the PA network was not good in 22 of the 37 ecological zones (Table 1).

a
A

y I\
PCintra @\ ?‘r PCinter
o 99.9% e o 94.5%

$

- 432% K 0
Cc
PCnet s Lo PCland
 95.2% N 9 o 423%
— 0 it Jo— 0

Figure 2. (a) Intra-patch connectivity of protected area (PA) patches in China based on PCintra
indicator. (b) Inter-patch connectivity of PA patches in China based on PCinter indicator. (c) Network
connectivity of PA patches in China based on PCnet indicator. (d) PA-landscape connectivity of PA
patches in China based on PCland indicator.

Table 1. Connectivity indicators of ecological zones’ PA network.

PCintra PCinter PCnet PCland

No. Ecological Zone of PAs of PAs of PAs of PAs
(%) (%) (%) (%)
11 Northern Daxing’anling cold-temperate semi-humid zone 96.33 65.06 67.17 10.18
12 Southern Daxing’anling temperate semi-humid zone 92.11 20.59 23.16 3.32
13 Xiaoxing’anling temperate semi-humid zone 91.28 49.57 50.87 8.63
14 Northeast Plain temperate semi-humid zone 74.44 1.52 7.62 0.38
15 Changbai Mountain temperate humid semi-humid zone 84.97 3.98 17.01 2.57
16 Liaodong Peninsula warm-temperate semi-humid zone 77.20 2.21 6.20 0.31
m Yanshan Mountain warm-temperate semi-humid zone 77.64 1.26 7.78 0.36
12 Haihe Plain warm-temperate semi-humid zone 59.36 0.09 12.87 0.33
113 Shanxi Plateau warm-temperate semi-humid zone 82.92 2.51 8.48 0.24
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Table 1. Cont.

PCintra PCinter PCnet PCland

No. Ecological Zone of PAs of PAs of PAs of PAs
(%) (%) (%) (%)
114 Northern Shaanxi and Longzhong Plateau warm-temperate semi-arid zone 81.11 4.07 14.31 0.41
115 Southern Taihang and northern Qinling warm-temperate semi-humid zone 78.71 5.64 11.75 0.48
116 Yellow and Huai River Plain warm-temperate semi-humid zone 55.20 0.01 10.60 0.29
7 Shandong Peninsula warm-temperate semi-humid zone 64.65 0.10 9.22 0.16
11 Middle and lower reaches of Yangtze River northern subtropical humid zone 69.97 0.49 8.84 0.38
112 Middle and lower reaches of Yangtze River central subtropical humid zone 79.52 0.84 4.28 0.19
1113 Southeast China humid south subtropical zone 80.57 0.78 5.18 0.20
1114 Taiwan Island tropical subtropical humid zone 92.02 23.89 82.76 16.27
1115 Southeast China tropical humid zone 82.20 1.90 37.81 1.01
1116 Hainan Island tropical humid zone 84.57 21.78 73.35 12.19
V1 Qinba Mountains northern subtropical humid zone 88.27 7.23 27.21 3.92
I\ Sichuan basin and marginal mountains subtropical humid zone 88.25 30.58 48.33 5.68
1v3 Guizhou plateau and marginal mountains subtropical humid zone 79.79 2.57 6.56 0.24
1v4 Northern Transverse Mountains subtropical humid semi-humid zone 93.23 12.59 21.61 3.36
V5 Southern Transverse Mountains central subtropical humid zone 81.58 9.18 15.38 1.60
1veé Southwest China tropical subtropical humid zone 81.61 2.00 6.00 0.36
v7 Eastern edge of the Himalayas tropical humid zone 93.56 33.41 79.35 6.59
V1 Xiliaohe River temperate semi-arid zone 81.07 4.50 16.99 1.48
V2 Eastern Inner Mongolia Plateau temperate semi-arid zone 90.28 6.20 17.50 2.78
V3 Ordos Plateau and surrounding mountains temperate semi-arid zone 83.97 14.15 21.96 2.42
V1 Western Inner Mongolia Plateau temperate arid zone 95.22 31.23 37.19 5.25
VI2 Northern Xinjiang temperate arid semi-arid zone 92.79 1229 29.03 3.79
VI3 Southern Xinjiang temperate warm temperate arid zone 97.65 10.85 52.16 411
VII1 Kunlun Mountains alpine arid zone 99.68 32.30 87.34 39.65
VII2 Qaidam and Qilian Mountains alpine arid semi-arid zone 94.84 51.87 72.50 17.02
VII3 Qiangtang Plateau alpine arid zone 99.02 76.71 91.59 40.50
V14 East Tibet and south Qinghai alpine semi-humid zone 95.20 48.74 81.37 27.88
VII5 Southern Tibetan alpine semi-humid semi-arid zone 93.29 13.45 55.92 9.17

VIIIT South China Sea islands tropical humid zone — — — —

The PCinter of China’s PA network was 35.40%, which was not good. The PCinter
of the PA patches varied from 94.50% to 0 (Figure 2b). A total of 116 patches had good
inter-patch connectivity, accounting for 4.07% of China’s land area. Only three ecological
zones’ PA network had good inter-patch connectivity (Table 1), including the Northern
Daxing’anling cold-temperate semi-humid zone, the Qaidam and Qilian Mountains alpine
arid semi-arid zone and the Qiangtang Plateau alpine arid zone (Ecological Zones I1, VII2
and VII3).

The PCnet of China’s PA network was 58.43% and very close to good. The PCnet of
the PA patches varied from 95.21% to 0 (Figure 2c). Only 90 PA patches had good network
connectivity, accounting for 8.30% of China’s land area. Eight ecological zones had good
network connectivity (Table 1).

The PCland of China’s PA network was 8.58%, which was not good. The PCland
of the PA patches varied from 42.28% to 0 (Figure 2d). Only nine PA patches had good
inter-patch connectivity, accounting for 5.92% of China’s land area. Two ecological zones
on the Qinghai-Tibet Plateau have good PA-landscape connectivity (Table 1), including the
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Qiangtang Plateau alpine arid zone and the Kunlun Mountains alpine arid zone (Ecological
Zones VII1 and VII3).

3.2. PA Connectivity Strategy Classification

Only seven PA patches located in Ecological Zones VII1 and VII4 were classified
as AAAA, accounting for 2.67% of China’s land area (Figure 3a). Two PA patches were
classified as ABAA and also located in Ecological Zones VII1 and VII4, accounting for
3.26% of China’s land area. A total of 72 PA patches were classified as AAAB, accounting
for 1.16% of China’s land area. These PA patches had good network connectivity and need
to be extended or have new PAs established around them to improve their PA-landscape
connectivity. Only 3, 5, 26, and 1 PA patches are classified as BAAB, ABAB, AABB, and
BBAB, respectively. A total of 315 PA patches were classified as ABBB, accounting for 2.89%
of China’s land area. A total of 1714 PA patches were classified as BBBB, accounting for
2.89% of China’s land area. These PA patches urgently needed to be improved in all aspects
of connectivity. The connectivity of large PA patches was not necessarily good, and in fact,
many large PA patches were classified as ABBB or BBBB (Figure 3b).
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Figure 3. (a) Connectivity strategy classification of PA patches in China. (b) Distribution of area of

PA patches under different categories of connectivity strategies in China. (¢) Connectivity strategy
classification of ecological zones” PA network in China.
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Among the ecological zones, only the PA network of the Qiangtang Plateau alpine arid
zone (Ecological Zone VII3) was classified as AAAA. Ecological Zone VII1 was classified as
ABAA and should focus on improving inter-patch connectivity. Ecological Zones I1 and
VII2 were classified as AAAB and should focus on improving PA-landscape connectivity
by increasing PA coverage. Ecological Zones 1114, IV7 and VII4 were classified as ABAB;
this suggested that they should improve both inter-patch connectivity and PA-landscape
connectivity. Ecological Zone III6 was classified as BBAB. Ecological Zones 12, 13, IV4,
V2, VI1, VI2, VI3, and VII5 were classified as ABBB. The other 21 ecological zones were
classified as BBBB and should urgently improve PA connectivity in multiple ways.

3.3. Spatial Priority Area to Improve PA Connectivity in China

A total of 17.24% of the area of existing PAs (243,060 km?) were priority areas for
connectivity enhancement to improve intra-patch connectivity (Figure 4). We identified
4344 potential priority ecological corridors between PAs (Figure 4). The priority area for
expanding existing PAs included 1253 patches with a total area of 1,123,240 km?, covering
11.70% of China’s land area (Figure 4). The priority area for establishing new PAs included
9284 patches with a total area of 712,087 km?, covering 7.41% of China’s land area (Figure 4).

Priority ecological corridors

Priority areas for the enhancement of existing PAs
I Priority areas for the expansion of existing PAs
[ Priority areas for the establishment of new PAs
I Existing PAs

Figure 4. Spatial priority area to improve PA connectivity in China, including priority ecological
corridor, priority areas for the enhancement of existing PAs, the expansion of existing PAs and the
establishment of new PAs.

4. Discussion
4.1. Importance of Intra-Patch Connectivity

We suggested that the intra-patch connectivity should be regarded as important in
both the evaluation and the improvement of PA connectivity. Some connectivity evaluation
studies consider only inter-patch connectivity, ignoring the contribution of intra-patch con-
nectivity to the overall connectivity, which can lead to erroneous conclusions in connectivity
evaluations [31]. We calculated the PROCintra of China’s PA network as 74.69%, which in-
dicated that intra-patch connectivity contributed much more to network connectivity than
inter-patch connectivity in China. The PROCintra values of 467 PA patches were higher
than 75% and the PROCintra values of 213 patches were between 75% and 50% (Figure 5a).
The PROCintra values of the PA network of 30 ecological zones were higher than the
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PROCinter values (Figure 5b). We also found that there was no significant correlation
between the value of PCintra indicator and PCnet for both PA patches and PA networks
(Figure 5¢,d). This indicated that the relationships between intra-patch, inter-patch, and
network connectivity are complex.
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Figure 5. (a) The proportion of network connectivity of protected area (PA) patches provided by
intra-patch connectivity in China based on PROCintra indicator. (b) The proportion of network
connectivity of ecological zones” PA network provided by intra-patch connectivity in China based
on PROCintra indicator. (c) Relationship between PCnet and PROCintra of PA patches in China.
(d) Relationship between PCnet and PROCintra of ecological zones’” PA network in China.

Research on the connectivity performance of PA management is lacking, leading to
the assumption that PAs are effectively managed for connectivity in many studies [26].
Previous studies have generally assumed an excellent intra-patch connectivity (as a value
of 1) [28,44]. We found that such assumptions may significantly overestimate the network
connectivity of PAs. We calculated the PCnet and PCland indicator of each ecological
zone’s PA network assuming a PCintra of 1 for all PA patches (Table S1). Under this
assumption, the PCnet of China would increase from 58.43% to 62.11%, and the Pcnet of
Xiaoxing’anling temperate semi-humid zone (Ecological Zone I3) would increase from
50.87% to 71.07%. Clearly, overvalued network connectivity is not conducive to developing
targeted enhancement strategies.

Improving intra-patch connectivity may effectively improve the connectivity of the PA
network. For example, our findings showed that the Yellow and Huai River Plain warm-
temperate semi-humid zone (Ecological Zone 116) had the poorest intra-patch connectivity
of PAs in the ecological zones of China. If the PCintra of the PAs of this ecological zone
is improved from 55.20% to 1, then the PCnet would improve from 10.60% to 19.44%.
This result was consistent with previous studies suggesting that the connectivity within
core areas is important [31]. This suggested that decision makers of PAs with similar
circumstances should first begin to improve connectivity within PAs to ensure a high-
quality PA system.
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4.2. Evaluation of Connectivity at the Patch Scale

In the previous network connectivity analysis of PAs, some studies have discussed the
contribution of patches to the connectivity of a PA network [44,49,50]. In addition, others
have focused on mapping potential inter-patch dispersal routes [51]. The mapping studies
have identified areas that are important as potential dispersal routes by applying concepts
such as current density and betweenness centrality [40,52,53]. These studies have evaluated
how well the PA network formed by the patches is connected, but they have not directly
answered the question of how well connected the patches are. Therefore, the results might
not directly guide managers in making decisions for PA patches.

Based on the dispersal probability between patches [43], we tried to extend the con-
cept of PA connectivity from PA networks to PA patches. Our results showed that the
connectivity strategy category of a PA network may be inconsistent with the connectivity
strategy categories of PA patches within the network (Figure 3a,c). This indicated the need
for connectivity evaluation at the patch scale.

Our PA connectivity evaluation framework for both PA patches and PA networks
can support comparison and management decisions for the PA connectivity of countries,
ecological zones, and administrative regions. Using our framework, the manager respon-
sible for a PA can accurately assess the connectivity of the PA, apply a targeted approach
to secure external funding and coordinate with managers of other PAs and external local
governments. The manager of a region can clearly understand the connectivity of each PA
in the region and how to enhance the connectivity of the regional PAs through coordination
among the PAs.

4.3. Connectivity Indicators for Well-Connected PAs

It is important to identify connectivity’s own target with accompanying indicators to
guide global conservation efforts [54]. The four indicators we propose can be used as a
basis to evaluate whether the PAs are well-connected. The coverage of well-connected PAs
in a region or country can then be calculated to compare with the post-2020 biodiversity
conservation targets. In fact, the coverage of well-connected PAs depends on the coverage
of PAs and the indicator standard of good connectivity (Figure 6a). Future research can
further discuss which indicators to choose and how to determine the standard of good
connectivity. We believed that the combined use of these indicators would contribute to a
comprehensive understanding of PA connectivity.

The Post-2020 GBF requires 30% global land area coverage of well-connected PAs, and
according to this requirement, among the 37 ecological zones, only Ecological Zones VII1,
VII3 and VII4 had more than 30% PA coverage (Figure 6b). No matter which indicator
was chosen as a criterion for good connectivity, only these three ecological zones may
have over 30% coverage of well-connected PAs. Our results showed that 11 ecological
zones did not have PA patches with good intra-patch connectivity, 27 ecological zones
did not have PA patches with good inter-patch connectivity, 25 ecological zones did not
have PA patches with good network connectivity and 34 ecological zones did not have PA
patches with good PA-landscape connectivity (Figure 6¢c—f). Compared with the results
of connectivity indicators of the PA network, the coverage of well-connected PAs more
strongly indicated that the PA connectivity of these ecological zones urgently needs to be
improved. We suggest that specifying which indicator or series of indicators to use in the
Post 2020 GBF objectives is necessary to facilitate global awareness and begin initiatives to
improve connectivity. At the same time, we recommend that countries consider using the
series of indicators in our framework to describe PA connectivity to drive comprehensive
conservation and enhancement measures at all levels.
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Figure 6. (a) Relationship between the standards of connectivity indicators to determine good PA
connectivity and the well-connected PA coverage in China, including PCintra, PCinter, PCnet and
PCland. (b) The PA coverage of ecological zones in China. (c) The well-connected PA coverage of
ecological zones in China based on intra-patch connectivity. (d) The well-connected PA coverage
of ecological zones in China based on inter-patch connectivity. (e) The well-connected PA coverage
of ecological zones in China based on network connectivity. (f) The well-connected PA coverage of
ecological zones in China based on PA-landscape connectivity.

4.4. Limitations and Future Research

First, uncertainties exist in the creation of the resistance surface. Both the selection of
human modification data and the calculation method of transforming human modification
data into resistance surface would bring uncertainty to the resistance surface. This has
implications for the creation of dispersal probability surface and cost distances between PA
patches based on resistance surfaces and thus creates uncertainties in the PA connectivity
evaluation results. Many studies have discussed how to create resistance surfaces in connec-
tivity research [30,39,53], but there is not a high degree of consensus among researchers on
this question. Future research could focus on how to create resistance surfaces to evaluate
PA connectivity.

Second, we did not consider the effect of PAs’ shape and area on intra-patch connec-
tivity and led to uncertainty in the evaluation result of PAs’ intra-patch connectivity. A
more reasonable evaluation method of intra-patch connectivity, such as the use of least-cost
distance model or circuit model, is necessary in the future.
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Third, the selection of median cost distance will bring uncertainty to the evaluation of
connectivity between PAs. Some studies have analyzed the effect of median distance on
inter-patch connectivity when using Euclidean distance to evaluate inter-patch connectiv-
ity [25,26], but scholars have not reached a high level of consensus on this issue. Future
research should discuss how to determine the median cost distance when using least-cost
distance to evaluate inter-patch connectivity.

5. Conclusions

In this study, we have proposed a unified framework to evaluate and develop strategies
for PA connectivity, and the results can directly guide management decisions. This study
proposed a conceptual framework for the connectivity of PAs that includes intra-patch, inter-
patch, network and PA-landscape connectivity for both PA patches and PA networks, which
can be evaluated logically and consistently in this framework. This framework provides a
set of indicators for the post-2020 biodiversity conservation targets on well-connected PAs.
The proposed framework considers the differences in the intra-patch connectivity of PAs
and thus might provide a better evaluation of PAs’ inter-patch connectivity and network
connectivity. The framework also includes how to develop strategies and identify priority
areas to improve PA connectivity based on the evaluation results of PAs’ connectivity
indicators. This study shows that the connectivity of China’s PAs is not good and needs to
be improved. At the same time, the PA connectivity of the Qinghai-Tibet Plateau is relatively
good, and attention should be paid to maintaining the connectivity of existing PAs in this
region. The method proposed in this study can be used for the evaluation, improvement,
and spatial planning of the connectivity of PAs at regional, national, and global scales. Our
conceptual framework, indicators, and evaluation methods for connectivity can also be
widely used in landscape connectivity research.
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Abstract: The establishment of ecological networks facilitates genetic exchange among species in
national parks and is an effective means of avoiding habitat fragmentation. Using the proposed
“Ailaoshan-Wuliangshan” in Yunnan Province, China, as the study area, the identification of eco-
logical source sites using the morphological spatial pattern analysis (MSPA) method, extraction
of potential ecological corridors using the minimum resistance model (MCR) and construction of
the ecological network of national parks were performed. Based on the gravity model, important
ecological corridors were selected, and corresponding ecological network optimization strategies
were presented. The results showed that (1) the core area identified by MSPA was 4440.08 km?,
with a low degree of fragmentation, and is distributed in strips within the woodland land classes in
the study area; (2) the establishment of an ecological network model of least cost resistance based
on 10 indicators in four dimensions of land tenure, geographic factors, vegetation characteristics,
and human meddling; (3) the ecological network included 13 ecological source sites, 77 potential
ecological corridors, 48 important ecological corridors and 25 pedestrian pathways and extracts an
optimal ecological corridor connecting with the natural reserve; and (4) the network closure degree of
the constructed ecological network was (1.18), line point rate (3.08), network connectivity (1.12), and
cost ratio (0.98). By using the proposed ecological network construction method, ecological patches
and potential corridors can be accurately identified to ensure the integrity and connectivity of the
national park while minimizing the land demand pressure of the surrounding communities, which
provides some reference for the construction of other national parks’ ecological networks in China.

Keywords: national park; MSPA; MCR; ecological corridor

1. Introduction

China is one of the hotspots of biological habitats and biodiversity [1], and several crit-
ical biodiversity areas, including the Hengduan Mountains, the Tibetan Plateau mountains,
Xishuangbanna in southern Yunnan, the Qinling Mountains, the Changbai Mountains, and
the Tianshan Mountains, have been proposed based on species richness and the number of
endemic species [2]. With the rate of urbanization accelerating, the natural environment is
being destroyed to varying degrees, and landscape connectivity is diminishing. Habitat
fragmentation can lead to the isolation of biological populations, which greatly increases
the likelihood of extinction and poses a serious threat to biodiversity [3]. The national park
system is designed to effectively protect the originality and integrity of the most nationally
representative natural ecosystems with a broad scope of protection and comprehensive
ecological processes. In June 2019, the General Office of the Central Committee of the
Communist Party of China and the General Office of the State Council issued the Guiding
Opinions on the Establishment of a Nature Reserve System with National Parks as the
Mainstay, emphasizing the main position of the conservation value and ecological functions
of national parks in the national nature reserve system. No other types of nature reserves

Land 2022, 11, 1913. https:/ /doi.org/10.3390/1and11111913

https:/ /www.mdpi.com/journal /land
46



Land 2022, 11,1913

will be maintained or established in the same areas after national parks are established [4].
Official approved national parks due to the late start of national park research in China
are Giant Panda National Park, SanJiangYuan National Park and Northeast Tiger National
Park as well as Leopard National Park HaiNan Tropical Rainforest and WuYiShan National
Park [5], which have a large gap with the construction of the proposed national park-based
nature reserve system in China [6]. Despite the large number of nature reserves of various
types and functions, China has played an important role in biodiversity protection and
national ecological security maintenance. However, due to the fragmented distribution
and fragmentation of nature reserves [7], their variable size and small protection areas, and
the distribution of a large number of remaining forests, villages, towns, and agricultural
lands around them, ecosystem integrity is blocked, and integrity and connectivity are
not robust [8]. Both the Conservation for Biodiversity Aichi Targets and the Post-2020
Global Biodiversity Framework (GBF), which is under discussion globally, emphasize the
importance of PA connectivity and set global PA connectivity targets [9]. Aichi Targets and
the First Draft of the Post-2020 GBF call for 17% and 30%, respectively, of the global land
area to be conserved through well-connected PAs and other effective area-based conserva-
tion measures (OECMs) [9,10]. Therefore, how to build an ecological network system and
realize ecosystem integrity by relying on existing nature reserves is the key issue facing
national park building.

Ecological networks are made up of patches and their connections to achieve effec-
tive conservation of species diversity through the establishment of ecological corridors
through fragmented natural systems [11]. In terms of construction methods, “identifying
ecological sources—constructing resistance surfaces—extracting ecological corridors” has
become the basic framework for constructing ecological networks [12,13]. There are usually
two methods for determining ecological source sites: one is to directly select nature reserves,
attractions, and forest parks as ecological source sites based on the empirical judgement of
professionals [14], which is subject to more subjective interference and ignores the connect-
ing role of patches in the landscape [15]. Second, morphological spatial pattern analysis
(MSPA), proposed by Vogt et al. to achieve the measurement and identification of spatial
patterns of forest landscapes by correlating morphological features with specific shapes in
raster images [16], is widely used in forest fragmentation and urban green space system re-
search [17,18]. This method is different from the traditional method of selecting only nature
reserves, forest parks, etc., as ecological source sites can classify the spatial pattern of raster
images more precisely in terms of functional-type structures and then identify landscape
types with different ecological meanings and increase the scientificity of ecological source
sites [19]. Species migration and exchange between different ecological source sites can
only be achieved if resistance is overcome, and the resistance surface is the total cost of
overcoming multiple resistance factors formed between patches during species migration.
The ease of species migration between different landscape units varies. The higher the
suitability of the patch is, the lower the resistance of species migration, and the resistance is
mainly influenced by factors such as topography, land use type and the intensity of human
interference. Combining the basis of existing resistance surface-related studies at home
and abroad [20-22], this study constructs an ecological network resistance surface based
on 10 indicators in four dimensions: land tenure, geographic factors, vegetation character-
istics and human interference. Ecological corridors can improve landscape connectivity
and contribute to species dispersal and maintain gene flow between populations. Many
methods have been used today to identify ecological corridors, such as individual-based
movement models, connectivity probability (PC), and circuit theory [23-25]. Currently,
the minimal cumulative resistance model (MCR) has become the mainstream method for
identifying ecological corridors. The method was first proposed in 1992 by Knaapen et al.
by calculating the minimum consumption path between the source and target and the
optimal path for the outward spread, migration and dispersal of species [26], which can
effectively avoid interference from the external environment and well reflect the possi-
bilities and trends of movement of living species between habitat areas, thus protecting
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biodiversity [27-29]. There are an increasing number of studies combining MSPA and MCR
models to construct ecological networks, but they are mostly used for urban ecological
network construction by identifying the central nodes of urban ecological source sites and
establishing urban ecological networks in combination with road and water networks and
mainly focusing on the construction of ecological networks within the city (a whole) [30,31].
Currently, there are few studies on the construction of ecological networks in national
parks [32,33]. For example, the ecological networks of Giant Panda National Park and
Shuangzi Mountain National Forest Park were constructed by using 3S technology and
the theory of landscape ecology to identify ecological source sites. The least cumulative
resistance method was used to simulate important corridors and potential corridors, and
an ecological network optimization strategy was proposed. The ecological network of
urban parks based on birds is constructed by using several factors in the InNVEST model
to determine the suitable ecological source sites for birds, and the corridor is extracted
by constructing a resistance surface with three indicators: land use type, road and water
system. This study will address the problem of insufficient spatial connectivity in national
parks composed of multiple nature reserves and provide a scientific basis for achieving
national park connectivity and integrity by constructing potential ecological corridors and
ecological networks using MSPA and MCR models. The objectives of this study were as
follows: (1) Build an ecological network of national parks with multiple protected areas to
improve the integrity and connectivity of national park ecosystems. (2) The identification
of ecological corridors and ecological networks in national parks using a combination of
MSPA and MCR models. (3) The determination of the resistance surface involves several
factors, and the weight of the human interference factor was set to a higher value to form a
more reasonable ecological resistance surface.

2. Materials and Methods
2.1. Study Area

The proposed “Ailaoshan-Wuliangshan” National Park, consisting of the Ailao Moun-
tains National Nature Reserve, WuLiang Mountains National Nature Reserve and Di-
nosaur River State Nature Reserve, is located in the central part of Yunnan Province
within Jingdong County’s territory, Zhenyuan County, Xinping County, Chuxiong City,
Shuangbai County, Nanhua County, and Nanjian County, which are linked by four states
(cities), namely, Pu’er City, Yuxi City, Chien Yi Autonomous Prefecture, and Dali Bai
Autonomous Prefecture, with geographic coordinates. The geographical coordinates are
23°46'50.75" ~24°56'06.35" north latitude and 100°19'07.95”~101°37'54.19” east longitude
(Figure 1).

With a length of 180 km from north to south, a width of 130 km from east to west, an
elevation of 452~3348 m and a total area of 1652.82 km?. The “Ailaoshan-Wuliangshan”
Mountains Conservation Area is a major conservation area and boundary zone in China,
located at the intersection of two geographic units, the Hengduan Mountains in western
Yunnan and the plateau in eastern Yunnan, and is a significant corridor for tropical to
temperate transition, species migration, and gene exchange in the Asian continent, as well
as one of eight routes for global migration of birds. Ecological security, with the complex
biodiversity composition and obvious transitional characteristics of the flora and fauna,
directly affects Vietnam, Laos, Myanmar and even many countries in the southern and
southeastern subregion bordering Yunnan [34]. In parallel, the region is also the water
catchment area and ecological conservation area of two major cross-border rivers, namely,
the Lancang River (Mekong) and Yuanjiang River (Red), which has great significance to
maintain the international ecological security of the area. The Mount Ailao Mountains—
Wauliang Mountains are a typical representative of the subtropical forest ecosystem and
belong to the priority land protection ecosystem of China, among which the Zhongshan
broadleaf wet evergreen forest area is the largest and most comprehensive broadleaf leaf
wet evergreens in China, preserving the largest area of broadleaf mountain evergreen forests
in the subtropics of China, which is a completely primitive state, has stable natural breeding
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resources, and has extremely rich wildlife resources [35,36]. In both mountainous areas, the
diversity of animals is extremely rich, with over 90% of the western black-crowned gibbon
(Nomascus concolour) populations inhabiting both mountainous terrains [37]. There are also
nationally protected keystone I animals such as the grey langur (Trachypithecus phayrei),
nationally protected keystone I birds (Syrmaticus humiae), and green peafowl (Pavo muticus)
in the region, and the biodiversity composition is complex [38]. Lamentation “Ailaoshan-
Wauliangshan” National Park can more effectively integrate conservation efforts, establish
perfect protection mechanisms and maintain the originality and integrity of ecosystems. In
this study, the three nature reserves identified by the proposed national park and the area
between them are taken as a whole, with a 1.3 km buffer outwards as a study region.
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Figure 1. Geographic location map of national parks.

2.2. Data Sources and Preprocessing

In the study area, vector data were the land use type data of 2020 obtained from the Pu
‘er Third and Fourth Forestry Resources Type II Survey database sponsored by the Pu ‘er
Forestry and Grassland Bureau. This database was created using SPOT-5 satellite imagery
at 2.5 m resolution combined with field surveys; vector data are grouped by multiple
attributes, such as land use type, land ownership, vegetation origin and forest type. Forest-
land categories were used in this study to determine forest distribution, with farmland and
built-up areas reflecting anthropogenic disturbance. We obtained township boundaries
using BIGEMAP, a Google package that facilitates the editing of satellite maps for upload.
Elevation and slope data were generated from a 30 m digital elevation grid (DEM) provided
by the Geospatial Data Cloud Platform of the Computer Network Information Center of the
Chinese Academy of Sciences “http://www.gscloud.cn (20 September 2021)”. The study
area of 9914.24 km? was obtained by buffering outward from the three protected areas as a
whole. The land use types in the study area were classified into eight categories, including
forest, shrubland, unstocked forest, agricultural land, water bodies, cropland, buildings,
and other non-forest land. The habitat characteristics of the western black-crowned gibbon,
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the flagship species of the proposed Mourning Mountains-Wuilangshan National Park,
have been identified as an important basis for the construction of the resistance surface of
the ecological system [39].

2.3. Methods
2.3.1. Identifying Ecological Sources Based on MSPA

Morphological spatial pattern analysis (MSPA) is a method for the quantitative identi-
fication of ecological source lands and is mainly used to identify and classify ecological
source sites by image methods to derive a more scientific distribution of ecological source
sites [40]. This study, based on the accurately calibrated land use data of the national park,
reclassifies the already classified primary land classes, extracts forestland as the foreground,
uses remaining arable land, water, other land, and building land as the background, and
converts it into binary tiff maps. The data were analyzed for morphological spatial patterns
using Guidos’ eight-neighborhood software method to obtain seven landscape element cat-
egories that are independent of each other and have different landscape functions, namely,
Core, Islet, Bridge, Edge, Perforation, Loop and Branch [41]. Of these, core areas are the
largest habitat patches of the seven landscape types, have higher connectivity, are more
conducive to species survival and spread and are important for maintaining ecosystem
integrity and biodiversity [42]. Lastly, the classification results were tallied, and considering
the balanced distribution of ecological patches, 30 ecological source sites were selected for
landscape importance analysis based on the area and spatial distribution area of the MSPA
core patches.

2.3.2. Evaluating the Importance of Ecologically Sourced Landscapes

Higher importance indices of patches represent more stable ecosystems within the
source site. Referring to the relevant literature [43], two landscape indices, pc and dpc, were
selected in this study and calculated using Conefor2.6 software.

This is example 1 of an equation:

n n
PC=Y Y wixajx g5/ Adpe = 100% X (pc — peremove)/ pe, 1)
i=1j=1

where pc is the probability connectivity index, dpc is the patch importance index, and A
represents the total area of the landscape. N is the total number of patches, a; and a; are the
areas of patches i and j, respectively, g;; is the maximum distance for organisms to spread
in different patches, and pcremove is the overall connectivity index of the landscape after
removing a patch. The larger the dpc value is, the more important the interelement ratio
is. Considering that the distance threshold was set too large, which will result in splitting
some large patches and vanishing small patches, the patch connectivity distance threshold
value was set to 500 m and 0.5 as the connectivity probability between patches [44].

2.3.3. Ecological Network Construction Method

1.  Construction of Integrated Resistance Surface

In the proposed Ailao and WuLiang Mountains National Park, species are inevitably
hampered by different factors and degrees in the migration process of each source location.
Currently, most studies select three resistance factors, namely, land use type, topography,
and slope, to construct resistance surfaces [15]. In this study, the resistance surface was
constructed by combining land ownership, human disturbance (town center, village, road,
land type), vegetation (vegetation type and origin of tree species) and geographic factors
(elevation and slope), and each resistance factor was assigned different weight values, with
higher weight values indicating a greater influence of the resistance factor on the migration
of biological species; in contrast, lower weight values indicated less influence.

Land tenure factor weight, human disturbance factor weight value, vegetation factor
weight and geographical factor weight were determined according to related studies [45,46]
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(Table 1). The land tenure factor was divided into two types, national and collective, each
with a weight value of 0.5 each; the vegetation factor was set to 0.6 and 0.4 strength values
for the vegetation type and the origin of tree species according to habits and activity
characteristics of the species; the influence of anthropogenic disturbance was set at 0.3,
0.2, and 0.2, respectively, according to the distance of species from town centers, villages,
and roads during the migration process. The land use type was set at 0.3 according to
the influence of the land type on species; the geographical factors included elevation and
slope, with the elevation set at 0.5 according to the characteristics of species’ activities;
and the slope was set at 0.5 according to the standard grading table of woodland slopes.
The weighted overlay operation by the ArcGis matrix calculator was used to build the
comprehensive Two Mountains National Park resistance surface as the cost data of the
MCR model [46]. The equation is as follows:

Table 1. Assignment of resistance factors.

Resistance Factors Weight Classification Indications Resistance Value
. State owned 0.5
Land ownership 0.2 Community owned 0.5
Town center 0.3
s Village 0.2
Artificial 0.4 Road 02
Land use type 0.3
. Type 0.6
Vegetation 03 Origin 0.4
Altitude 0.5
Landform 0.1 Slope 05

This is example 2 of an equation:

n
F=) W;xA (2
=

where i represents the grid, j represents the resistance factor, F; represents the integrated
resistance value of grid i, n represents the number of resistance factors, W; represents the
proportion of j and A;; represents the strength value of j in grid i.

2. Potential ecological corridor construction based on the MCR model

The minimum cumulative resistance (MCR, minimal cumulative resistance model)
model was first introduced into China by Yu Kongjian [47]. It can determine pathways by
calculating the minimum cumulative resistance distance between the source and target to
better reflect the physical energy of the landscape and the likelihood of biological species
moving between habitat patches and trends [27]. The cumulative surface area of minimum
resistance for the expansion of ecological source sites in all directions can be obtained by
using the model of minimum strength [26].

This is example 3 of an equation:

i=m
MCR = frin Y (D x Ri), 3)

j=n

where MCR refers to the minimum cumulative resistance value of the ecological source to
one another point; fmin is the minimum cumulative resistance value (MCR), representing
the positive correlation function; D;; indicates the spatial distance to be crossed for a point j
to reach another point i; and R; is the resistance value to be overcome across space i.

The cost distance tool in ArcGis distance analysis was used to generate the minimum
cumulative resistance surface using ecological source sites and integrated resistance sur-
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faces [41], and the cost path tool was used to calculate the minimum cost path from the
source site to the target to generate potential ecological corridors.

3. Determination of the ecological nodes

Ecological nodes are the point of intersection of the pathways and the shortest routes
needed by species during migration and are the weakest ecological functions with a
“stepping stone” role [48]. For organisms that migrate long distances, increasing the
number of “stepping stones” and decreasing the distance between “stepped stones” may
effectively improve species survival rates during migration [44]. In combination with the
study area environment, the collection points of the minimum cost path and the ecological
patches of the bridging area are used as the ecological nodes.

4. Identify important ecological corridors

The gravity model can scientifically and quantitatively evaluate the strength of inter-
actions between patches, and the larger the value of interaction force is, the more important
the position of the corridor between them in the ecosystem of the study area [49-51].

This is example 4 of an equation:

2
Gy = N,,;\Ib _ Lmalensalnsb @)
Dab lebp“pb

where G is the interaction strength between ecological source sites a and b; N; and N},
represent the corresponding weight values of source sites a2 and b; Dy, is the standard value
of corridor resistance between source sites; P, and Pj, represent the average resistance
values of source sites @ and b; S, and S;, are the areas of source sites a and b; L, is the value
of corridor resistance between source sites a and b; and L4y is the minimum cumulative
resistance in the area of the maximum value.

According to the construction of potential ecological corridors, the interaction matrix
between ecological source sites was computed using a gravity model to quantitatively
analyze the strength of interactions among patches. Higher values of interaction force
between source patches indicate less resistance and closer contact at ecological sources, the
more frequent the material-energy transfer, information transfer, species migration and the
more important the corridors connected between them [52]. According to the calculation
results of the gravity model and the actual situation in the research area, the interaction
strength of the potential ecological corridors greater than 700 is regarded as important
corridors and other corridors as general corridors. Finally, the ecological network map of
the proposed Ailao-Wuliang Mountains National Park is obtained.

2.3.4. Ecological Network Connectivity Evaluation

The graph theory and network analysis method were used to assess the ecological
network connectivity of Ailao-Wuliang Mountains National Park and explore the effec-
tiveness of its internal structure. The four factors of network closure (x), line point rate (f3),
network connectivity (y) and cost ratio (c) were used to determine the connectivity of the
ecological network in the study area [53].

This is example 5 of an equation:

a=(L—v+1)/(2v-15)
L
R )
T o — 300-2)
c:l—%

where L denotes the number of corridors, v denotes the number of ecological nodes, and
d is the total length of all corridors in the ecological corridor. A higher « index indicates
a greater number of circuits in the ecological network and greater material circulation
and energy mobility [54]. B is the number of corridors corresponding to the ecological
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nodes, B < 11is a tree-like ecological corridor, B = 1 is a single-loop ecological network, and
B >1is a complex ecological network structure. <y in [0,1], characterizing the degree of
interconnection of ecological nodes in the network, and a larger value of -y indicates a higher
degree of interconnection of ecological nodes. ¢ indicates the input/output relationship,
and a lower value is more favorable for building ecological networks.

3. Results and Analysis
3.1. Subsection Analysis of Ecological Source Results Based on MSPA

The MSPA was performed with forested land in the study area as the foreground
(Figure 2), and the area and proportion of each type of landscape were also counted (Table 2).
Among them, the total foreground area is 7820.08 km?, accounting for 79% of the total
survey area, which mainly consists of the core and bridge areas. Among the various types
of foreground landscapes, the core area is the largest, accounting for 56.78% of the total area,
with more large patches in the core region and distributed in bands within the national
park, which are not far apart and conducive to the overall connectivity of the region under
study. Bridging zones with a larger area of 22.08% indicates that the connectivity between
core areas of prospective patches is high, which is conducive to the circulation of organisms
between core zones; the edge zone and the pore space both have edge effects and can
maintain the stability of the core areas, with proportions of 9.45% and 2.72%, respectively,
which indicates that core areas in this study area are relatively stable. In addition, island
plaques accounted for the lowest proportion, at percent, indicating that there were few
isolated, fragmented and disconnected patches within the study; the proportions of ring
roads and spurs were 4.88% and 3.09%, respectively. In general, the large ecological
patches in the study area are more concentrated, the landscape connectivity is better and
the edges are more stable, which are conducive to the construction and optimization of
ecological networks.
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Figure 2. Landscape classification map based on MSPA.

Table 2. Area of each landscape type based on MSPA.

Landscape Type Area (km?) Proportion of Forest and Areas (%) Proportion of Total Area (%)

Core 4440.08 56.78 44.78

Islet 7791 1 0.79
Perforation 212.54 2.72 2.14
Edge 739.37 9.45 7.46
Loop 381.35 4.88 3.85
Bridge 1727.05 22.08 17.42
Branch 241.79 3.09 2.44
Total 7820.08 100 78.88
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3.2. Analysis of the Importance of Ecological Source Landscapes

Thirteen ecological patches with large values of the importance of patches were
selected as habitats for migration and development and reproduction of biological species
based on the calculation results of the software Conefor2.6 (Table 3). From Table 3 and
Figure 3f, the importance index of patch 9 is 70.9, with an area of 1231.16 km?, and it
is located in the protection zone of Ailao Mountain, which indicated that the landscape
connectivity within this region is good, which is conducive to species migration activity
among patches. Figure 4 is followed by patch 3, with an importance index of 17.73 and
an area of 750.89 km?, which is located within the boundaries of the Wauliang Mountains
Nature Reserve. Ecological patches 4 and 11, with a larger remaining area and higher
importance index, were also distributed in the nature reserve. We can see from (f) that these
patches serve both as habitats for species and corridor connectivity across the landscape.
Additionally, other large patches were densely distributed around the reserve, such as
5,6, 8 and 10. These patches facilitate species migration between reserves and promote
connectivity of the overall landscape of the study area.

Table 3. Evaluation table of the landscape importance of the ecological source.

Code Area/km? drc Code Area/km? drC
1 31.94 0.03 8 447.37 7.00
2 9.39 0.00 9 1231.16 70.90
3 750.89 17.73 10 57.09 141
4 128.18 14.98 11 191.73 17.26
5 184.95 8.60 12 20.33 0.94
6 33.19 1.38 13 17.64 0.23
7 74.59 1.78

Land ownership

e

Low:0.5

Artificial
o High:0.92
— Low:0.12

Vegetation

— High:1

- Low: 0.165714

d

Landform
High : 1

Accumulated resistance surface

igh:0.922

e TR YET]

Potential ecological corridors

Figure 3. Composite resistance surface of species migration in national park. (a) Land ownership;
(b) artificial; (c) vegetation; (d) landform; (e) accumulated resistance surface; and (f) potential

ecological corridors.
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Figure 4. Ecological network of the national park.

3.3. Ecological Network Construction
3.3.1. MCR Based on the Analysis of Potential Ecological Corridor Extraction

The integrated resistance surface (e) of the Ailao-Wuliang Mountains National Park
was constructed based on the vector data of land tenure factor (a), geographic factor (b),
vegetation factor (c) and anthropogenic factor (d) in the study area of Figure 3. It can
be observed from Figure 3e that the high resistance values in the integrated resistance
surface are concentrated in the city centers and villages, which are located outside the
scope of the national park and are disturbed by human activities, and their corresponding
resistance values are correspondingly higher, while the low resistance values are mostly
distributed within the scope of the national park and in the ecological source areas mostly
in woodlands. Based on the landscape resistance surface, the MCR model was used to
calculate the minimum cumulative resistance value between each ecological source site, and
a total of 77 potential ecological corridors were generated, with a total length of 3589 km,
to construct the potential ecological corridor of the Ailao—-Wuliang Mountains National
Park (Figure 3f). As we can see from the figure, the potential ecological corridors in the
national park show a denser network with a more uniform spatial distribution, connecting
large ecological patches in the park, with more complex corridors among source locations
and higher connectivity.

3.3.2. Important Analysis of Ecological Corridors

We numbered the 13 ecological source sites and calculated the interaction strength
between different ecological source locations in the study area by the gravity model (Table 4),
and the stronger the interaction force between ecological source locations was, the more
meaningful the construction of intersource corridors. Based on the study, the gravity
threshold was set to 700, and 48 corridors were selected as important corridors with a total
length of 865 km (Figure 4). According to Table 4, the interaction strength between source
site 9 and source site 11 was the largest at 647,208,185, indicating the strongest spatial
association between the two, and the less resistance species encounter when migrating and
spreading between the two patches, the more beneficial for regional ecological conservation.
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We should therefore strengthen ecological corridor protection between source sites 9 and 11,
maintain connectivity of both patches and avoid destruction due to expansion of regional
landmasses. Sources 4 and 5 have stronger interaction strengths with sources 5 and 6,
indicating that the connectivity between source 4 and source 5 is stronger. The species need
to overcome less resistance when propagating movement through the corridor, and the
possibility of material and energy exchange is higher, so the ecological corridor between
sources 4, 5, and 6 can be established to increase the possibility for species migration
between sources 3, 4, 5 and 6 and expand the species’ range of activities. Additionally,
ecological corridors built between source sites 8 and 9 may link species exchange between
source locations 3, 4, 5, and 5. On this basis, the migration and dispersal channels of species
between sources 3, 4, 5 and 6 were established, compensating for the high resistance and
habitat fragmentation of migration among the sources. For example, the G values between
patches 2 and 12 and between patches 2 and 13 were split into 33 and 34, which were
distant and poorly connected. The possibility of western black-crowned gibbon dispersion
between them was small, and the cost of building ecological corridors was steep if necessary.
Accordingly, to improve the possibility of species migration, 25 footstones were established
at the convergence point (ecological corridor intersection) and bridge zone where the least
expensive paths were selected, and the presence of footstones may compensate for the lack
of connectivity of the corridors.

Table 4. Level of interaction of ecological corridors.

Code 1 2 3 4 5 6 7 8 9 10 11 12 13
1 0 313,473 742 788 1244 861 1122 22,956 88,786 151 168 77 79
2 0 267 263 413 279 334 2419 12,682 64 68 33 34
3 0 1507 1002 678 2,176,830 204,027 11,100 209,177 5797 3804 34,679
4 0 27,378,454 5,488,676 894 3684 5,649,277 769 765 319 307
5 0 18,938,739 738 2071 60,051 545 555 242 237
6 0 528 1648 137,802 279 289 129 126
7 0 127,908 3154 341 259 140 174
8 0 255,194 10,341,338 9047 3752 7646
9 0 122,793 647,208,185 367,09 7410
10 0 246,249 32,476 2,019,026
11 0 1,145,712 7539
12 0 11,611

3.3.3. Analysis of Ecological Corridor Construction in Nature Reserves

The ecological network constructed by important ecological corridors is more suitable
for areas with fewer villages and farmland. Considering that, in reality, the proposed eco-
logical network will occupy a large amount of land, causing land pressure and aggravating
the human-land conflict affecting socioeconomic development. The ecological corridors
were constructed by using the patches in the three protected areas as ecological sources, and
a total of three ecological corridors, corridors 3-11, 3-12 and 3-9, were generated in the pro-
tected areas of the Ailao-Wuliang Mountains. The buffer area resistance cost accumulation
values were calculated for each 200 m buffer on each side of the three ecological corridors
(Table 5). The table shows that the lowest resistance value for corridors 3-12 is 90.88, which
indicates that building this ecological corridor is the least expensive and easiest to achieve.
The corridors generated by the Wailing Mountains and Shuangbai Reserve overlap by 11-4,
12-4 and 9-4, respectively, and finally, 3-12-4 can be identified as the optimal ecological
corridor for the three reserves (Figure 5), connecting the three nature reserves of the Ailao
Mountains, the Wuliang Mountains and the Dinosaur River and included in the scope of
the national park.
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Table 5. Ecological corridor cost table.

Code MIN MAX MEAN SUM
3-12 0.308381 0.750667 0.441144 90.875575 Vv
3-11 0.300714 0.785 0.481216 125.116101
3-9 0.309476 0.814667 0.501656 129.42734
N

0510 20
[ = = 1G]

[ Reserve boundary
[ Nationnal reserve

—— Ecological corridor of the reserve

= Optimal ecological corridor of the protected area

Figure 5. Reserve ecological corridors.

3.3.4. Ecological Network Connectivity Evaluation

The structural rationality of potential ecological corridors, important ecological cor-
ridors and optimal ecological corridors in protected areas was assessed based on graph
theory and network analysis methods (Table 6). The results of the study are summarized
in Table 6. Table 6 shows that the « values of potential ecological corridors, important
ecological corridors and optimal ecological corridors of protected areas are 1.18, 0.76 and
2, indicating that the optimal ecological corridor of protected areas has the best structural
connectivity and better routes for the migration and dispersal of species. The 3 values
were 3.08, 2.28, and 1.33, all with > 1, which indicated that all were complex structures
of ecological networks with high connectivity of ecological corridors. The y values were
1.12, 0.84, and 1.33, where potential ecological corridors and optimal ecological corridors
of protected areas had larger y, which indicated that their ecological nodes were well
connected. The c values were 0.98, 0.94, and 0.97, indicating that the cost values of building
both potential ecological corridors, important ecological corridors and optimal ecological
corridors in protected areas were higher, and the reason for their higher cost might be
interference from anthropogenic activities such as farmland, construction land, and cities in
plots between protected areas. Together with the complex geomorphology and fragmented
protected areas of the Ailao Mountains and Wuliang Mountains National Park, which lead
to the complex structure of ecological corridors, if ecological corridors are constructed
in reality, comprehensive consideration is given to the priority of constructing optimal
ecological corridors within protected areas.
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Table 6. Ecological corridor connectivity evaluation table.

Optimal Ecological Corridor

Connectivity Index Potential Ecological Corridors important Ecological Corridors of the Protected Area
o« 1.18 0.76 2
B 3.08 2.28 1.33
2% 1.12 0.84 1.33
c 0.98 0.94 0.97

4. Discussion
4.1. Advantages and Challenges of Research Methods Based on MSPA and MCR Models

In this study, an integrated construction method for ecological networks based on the
MSPA and MCR was proposed. Compared to the ecological source site identification and
ecological network construction of Giant Panda National Park and Shuangzi Mountain
National Forest Park using 3S technology and landscape ecology theory [30,31]. MSPA
was a widely used method for ecological source site identification, which is simpler and
more scientific in distinguishing spatial patterns in the landscape and identifying patches
with more suitable conditions as ecological source sites. The combined approach with the
MCR model to construct ecological networks has become mature and is commonly used
in cities with good results. However, the ecological network constructed by combining
these two models has rarely been studied for connected isolated Chinese nature reserves.
The ecological source sites in the study area analyzed by the MSPA method in this study
were more concentrated and have better landscape connectivity, which is very favorable for
the construction and optimization of the ecological network [20]. The ecological corridors
and ecological networks constructed by the MCR model are more reasonable and improve
the connectivity and integrity of the proposed Ailaoshan-Wuliang Mountain National
Park. However, the selection of ecological source sites was the key to improving landscape
connectivity and building ecological networks, and in the process of ecological source site
selection, source sites can be identified from a multi-indicator integrated evaluation method
of ecosystem functional importance [55], biodiversity [56], and species distribution, which
can consider the functions, processes, and patterns of ecological source sites in an integrated
manner and may lead to one-sided results if ecological source sites were identified from
a single level [55]. However, for most areas, species movement and distribution data are
often difficult to obtain [57]. Therefore, how to introduce species distribution into the
construction of ecological networks using other models remains to be investigated.

4.2. Proposed Construction of the Ecological Network of Ailaoshan-Wuliang Mountain
National Park

Due to increasing human activities, nature reserves are becoming “islands”, which
are mostly unable to protect species populations and natural ecological processes in the
long term [58]; therefore, there is a need to integrate the reserves into a larger spatial
scale to enhance the ecological connectivity among the reserves [59]. China first proposed
the establishment of a national park system in 2013 [60], which is comparable to the na-
tional parks established internationally, such as Yellowstone National Park in the United
States [61], Canadian national parks [62] and the national parks now established in China,
which belong to a concentrated contiguous area and were relatively large, but most of
the nature reserves in China are insular [63], varying in size and fragmented in distribu-
tion, with little connectivity and integrity [64]. By constructing ecological corridors and
ecological networks, connectivity among nature reserves can be enhanced and constitute
large national parks. Ailaoshan-Wuliangshan National Park has intact wet evergreen
broad-leaved forest ecosystems, and both are home to a large number of flagship species
of western black-crowned gibbons [65] surrounded by a large amount of remnant forest.
History suggests that the Ailaoshan-Wuliang Mountains may have strong connectivity,
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providing the possibility for national parks to construct potential ecological networks and
ecological corridors.

Influenced by human activities, the construction of a reasonable ecological network
requires highlighting the role of anthropogenic disturbance factors in the resistance surface.
As shown in Figure 3f, the proposed ecological corridor of Ailaoshan-Wuliangshan Moun-
tain National Park is more evenly distributed. Corridors with high resistance values are
located mainly in town centers near villages and roads. In contrast, ecological corridors
within protected areas and far from human activities have lower resistance values and
can better connect ecological source sites. The resistance surface is usually constructed
using unidimensional indicators such as slope, elevation, land use type, roads and human
activities [66,67], and the weight values are set by the expert scoring method [22]. In this
study, the resistance surface was constructed from multiple dimensions of land tenure,
vegetation type, topography and human interference, and the integrated resistance surface
model established by using the expert scoring method to set higher weight values for
human interference factors, including town center, village, road and land use type, achieves
better results in this empirical evidence.

4.3. The Impact of Building Ecological Networks on Surrounding Land

The ecological network formed by the proposed 77 ecological corridors is an ideal
ecological network, and the types of land they pass through include agricultural land,
natural forests, and construction land. If all of them are to be realized, they will occupy
a large amount of land and aggravate the conflict between people and the land around
them. Although protected areas in Yunnan, China, are located in remote mountainous
areas, the surrounding population is large and dependent on land resources [68]. The
three protected areas will be set up as ecological source sites, and an optimal ecological
corridor will be screened out by calculating the cumulative value of resistance costs in the
buffer zone and incorporated into the land area of the national park to implement strict
protection management and maximize coordination between the national park and local
community residents for conservation and development. In response to the problem of
constructing ecological corridors that occupy the surrounding residents’ farmland, local
special resources can be developed through community participation in co-management
and the establishment of ecological compensation mechanisms [69,70]. By encouraging
community participation, the conservation and development of national parks coexist. In
most cases, large corridors do not preclude reasonable human use of their resources [58].
Combining conservation with the benefits of social, economic, and peripheral development
allows residents to share the benefits of natural resource conservation [71], which can
weaken the negative effects on the economic development of local communities caused by
the occupation of land resources due to the establishment of ecological corridors.

5. Conclusions

This study attempted to build an ecological network of the proposed Ailao-Wuliang
Mountains National Park based on the MSPA and MCR models. First, based on the
MSPA method, we can directly identify and quantify the ecological source sites in the
study area and provide important data for the building of ecological networks in national
parks. The landscape importance among ecological source locations was further analyzed
scientifically using the more scientific Conefor 2.6 software. The integrated resistance
surface is generated by the four dimensions of geography, human activities, vegetation,
and land tenure, where the pattern of human activities plays a key role in generating the
integrated resistance area, and vegetation and land permanence play a major role in the
integrated resistant surface. Potential ecological corridors of the national park are generated
using the MCR model, and important ecological corridors in the study area were judged
based on the assessment of the gravity model. Form an ecological network of the study
area, install footstones to optimize the ecological network, and finally screen an ecological
corridor to communicate and link protected areas to form a comprehensive ecological
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system. The construction of an ecological network of national parks solves the problem of
insularity of nature reserves, improves the connectivity and integrity of reserves, solves
the real problem of socioeconomic development of the surrounding area caused by the
construction of ecological networks by screening the optimal ecological corridors, relieves
the pressure on humans and land, and provides the possibility of species migration in the
reality of protected areas. The methods based on the MSPA and MCR models are generally
applicable to the construction of ecological networks of national parks with multiple
nature reserves in isolation, and the results of the study can maximize the conservation
of species habitats and biodiversity for the proposed Ailaoshan—-Wuliangshan Mountain
National Park.
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Abstract: Protected areas (PAs) play a vital role in environmental conservation, particularly in Asian
countries. Numerous studies were conducted on PAs in Nepal. We analyzed 864 papers from the Web
of Science database using two visualization tools: VOSviewer and CiteSpace. This study identified
the most influential journals, institutions, countries, and regions. In addition, we investigated the
changing trend of research hotspots on PAs in Nepal. Keyword mapping was conducted for each
type of PA and their differences were compared. We found that the research hotspots are changing
with the shifting of conservation policies in Nepal. We suggest conducting more predictive studies on
the future development of PAs. Currently, PA research is mainly conducted in traditional disciplines,
but with the impact of climate change and the consequent increase in its negative impacts, academic
contributions from other disciplines are expected to increase much more. We found that there was
a shift in research power in countries and regions. We also detected an imbalanced distribution in
which “protected areas” and “national parks” have been studied the most. Only 12 publications
were about the hunting reserve, despite its importance to snow leopard conservation and economic
significance to the buffer zone communities.

Keywords: knowledge mapping; bibliometrics; VOSviewer; CiteSpace; protected areas; Nepal

1. Introduction

Protected areas (PAs) play a vital role in conservation around the world [1-4]. Accord-
ing to the International Union for Conservation of Nature (IUCN), a protected area is “a
clearly defined geographical space, recognized, dedicated, and managed, through legal
or other effective means, to achieve the long-term conservation of nature with associated
ecosystem services and cultural values” [5,6]. These include national parks, national forests,
natural reserves, conservation areas, wilderness areas, marine protected areas, wildlife
refuges, and sanctuaries. PAs have significantly increased in number and coverage over the
last century [7]. There were 248,754 designated PAs as of November 2021, encompassing
approximately 15.72% of the Earth’s land surface area and 7.91% of the Earth’s ocean
surface area [8]. The rapid increase in the number and area of PAs combined with wide
support from different social groups has increased the worldwide expectations from the
performance of PAs [9]. PAs also play an important role in biodiversity conservation and
environmental stability [10,11]. Furthermore, as part of the Millennium Development Goals,
PAs are projected to play a direct role in national development and poverty alleviation [9].

Although PAs serve as powerful tools to ensure conservation and sustainable de-
velopment, they face major challenges arising from various aspects that undermine their
efficiencies. Therefore, site selection is of great significance. However, some PAs have been
designated merely because of the low cost of management rather than conservation priori-
ties [12-14]. Various other issues, either inside or outside the PAs, also hamper management
efficacy. Due to inadequate management staff and budgets [15] and lack of management
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schemes [16], many problems can occur within PAs, including competition over natural re-
sources with PAs and conflicts between humans and wildlife [17-20], illegal poaching [21-24],
illegal logging [25-27], and invasion of alien plant species [28-30]. However, challenges
have also been identified outside the PAs. These challenges are largely related to the pres-
sures and impacts of anthropogenic factors from adjacent areas [31-33]—notably, human
encroachment [34-38]. Changes in land use and activities occurring in the surrounding
regions can evoke a majority of negative impacts on PAs [39-41]. Therefore, extensive stud-
ies have been conducted to examine the relationship between PAs and their surrounding
areas [42—44] because these impacts can destroy the conservation-development balance
within and around PAs [45]. Much effort has been made to overcome these problems with
mixed success. These efforts include conservation of PAs, sustainable development, and
community-based management, which have been well documented by Du et al. [46].

PAs are usually densely populated by rural communities and bordered by agricultural
land and are largely established in areas of the world where poverty is common and 92%
of the world’s poor rely on natural resources for their survival [47]. Thus, PAs are expected
to contribute to community livelihoods and well-being [48], which is an important aspect
of advancing sustainable development. Asia’s PAs have great ecological value [9] while
maintaining large concentrations of people, supporting local livelihoods and development,
yet suffering from commercial pressures such as tourism and the construction of roads,
mines, and dams [49]. Given widespread poverty [9], rapid population increase [50], and
political instability [51], managing protected areas in developing countries poses significant
challenges. Furthermore, PAs have attracted significant investment at the cost of opening
remote areas for logging, oil exploitation, and mining [52]. Hence, to understand the
various aspects of PAs in developing nations, much research has been conducted, resulting
in a substantial and expanding corpus of literature.

Pritchard proposed bibliometric analysis, which is a mathematical and statistical
strategy for analyzing relevant literature and understanding worldwide research patterns
in a particular field [53,54]. Bibliometric analysis approaches have been employed in
environmental engineering and science, soil science, ecology, food safety, new energy use,
and other domains to provide quantitative evaluations of the academic literature [55].
A bibliometric study aids in identifying research gaps and directions in a certain field [56].

Bibliometric studies have been successfully applied in several fields to review and
detect research trends and hot topics. For instance, Pratikshya et al. filled the research gap
in the limited data on ecosystem science [57]. They revealed temporal trends, geographical
distribution, and patterns of authors, institutions, and topics. Yang et al. conducted a
systemic and objective review of climate change and tourism [58], identifying the most
urgent issues in this field. In the field of regenerative medicine, Chen et al. identified the
most active topics and revealed emerging trends and new developments in the interplay
between basic and applied research [59].

Nepal is one of the world’s 46 least developed and lowest income countries [60],
sandwiched between two economic heavyweights—India and China [61]. Nepal is an
ecologically and culturally diversified country with a large area of PAs [61,62] and some
globally important ecoregions [63] Moreover, Nepal is ambitious and enthusiastic about
advocating for PA strategies. It has signed many international conventions and treaties to
promote conservation courses, including the Convention on Biological Diversity, Ramsar
Convention, the Convention on International Trade in Endangered Species of Wild Fauna
and Flora, and the World Heritage Convention [64]. Nepal has also had various policy
and plan transitions, from state control to community-based management [65]. Therefore,
drawing a holistic picture of Nepal’s PAs can provide insights into relevant studies on PAs.
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The increasing number of academic, governmental, and (inter)national entities in-
vestigating, implementing, and managing PAs in Nepal has resulted in an increase in the
literature, which includes a constantly rising body of research in academic journals, books,
and conference proceedings. The volume of scientific literature available on PA research
continues to grow, making it difficult for researchers and practitioners to obtain a thorough
and structured overview of essential data. A large number of review studies have been
conducted on management issues [66], environmental policy [64], community forestry and
livelihood [67], ecotourism [68], conservation issues [64,69], human-wildlife conflict [70],
biodiversity [71], and climate change impacts [72]. These perspectives are interdependent
on one another and conducted separately, focusing on a certain perspective. Thus, it is
difficult to grasp the whole picture using traditional literature review methods. However,
scientific knowledge mapping analysis based on bibliometrics is a more practical method
for extracting insightful information from large amounts of data [73].

Therefore, this study employed a combination of performance analysis, which reveals
the number of articles, as well as the main journals and research areas, and science mapping
analysis, which reveals the main research topics, their structure, evolution, and trends. It
aimed to understand the performance, lineage of research, main aspects, and trends of
research on PAs in Nepal from a vast amount of literature to provide a reference for other
scholars in related research. In this study, we have used bibliometrics as a research method
for the first time to conduct a study on PAs in Nepal. It provides a more comprehensive and
systematic analysis compared to the common literature review to deal with large amounts
of data. In addition, in terms of research methodology, we analyzed each type of PA in
Nepal. This is because different types of PAs have different conservation objectives and
priorities, and they face different problems. By doing so, this study not only provides a
panoramic view but also allows comparison between different protected area types.

This study contributes to the literature in several ways. First, it reflects the status
quo and content of the research more immediately, making it easier to trace the field’s
origins and trends. Second, it depicts the evolution of research, allowing scholars to better
comprehend the field’s evolution and identify new directions. Third, it displays the most
prominent institutions and journals, allowing scholars to more precisely search for journals
and articles.

2. Materials and Methods
2.1. Study Area

These are of five types: national parks, buffer zones, wildlife reserves, hunting reserves,
and conservation areas (Figure 1). They are spread across Nepal’s high mountains, mid-hill
areas, and lowland areas, covering 23.63% of the country’s total land area in 2021 [74]
ranking eighth among Asian countries and regions as of 2021 [75]. Details of Nepal’s PAs
are presented in the Supplementary Materials (Table S1).

However, PAs in Nepal are facing increasing issues as the country’s human and cattle
populations grow [65]. Nepal counts on the tourism industry to alleviate poverty, and it has
already been confirmed as a powerful tool for reducing the degree of poverty in Nepal [77].
However, tourism-related negative impacts have also received considerable attention. In
several of Nepal'’s protected regions, issues of tourism pressure and waste control are evi-
dent [78]. Furthermore, Nepalese PAs are not fully representative of conservation priorities.
It has been identified that although vulnerable animal species are effectively protected, the
existing PA system does not cover a vast number of threatened plant species [79]. Given the
fact that Nepal is located in the Himalayas, one of the world’s top 20 biodiversity hotspots
and is a biodiversity-rich country that contributes significantly to global biodiversity [79],
the success of its PAs can have an impact beyond its own territory.
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Figure 1. Nepal’s PAs [76].

2.2. Methods

Bibliometric analysis is a quantitative tool for evaluating academic work on a certain
topic by reviewing previous publications [80]. This is a quantitative analysis of scientific
production, allowing us to track the growth of a scientific subject in detail. By examining
secondary data obtained from a digital database from a quantitative and objective stand-
point, bibliometric analysis can introduce a systematic, transparent, and repeatable review
procedure, thereby improving the reliability and quality of the results [81].

2.2.1. Software

There is no consensus on which method is the best among existing bibliographic
software [82]. Therefore, VOSviewer (1.6.18) and CiteSpace (5.8. R3) were used to cre-
ate knowledge maps. They are both Java-based research tools that are widely used for
visualizing and analyzing knowledge maps, as stated earlier. Both use scientometric the-
ory to present the structure, patterns, distribution, and potential knowledge of scientific
knowledge; they can produce collaboration networks of authors, countries, or regions, and
co-occurrence of authors and keywords. The combination of the two can help achieve
accurate visualization of the literature. According to Fu and Ding [83], CiteSpace was
found to have specific advantages in revealing the dynamic development of disciplines
and detecting citation bursts. VOSviewer can be used to create a knowledge map when
there is a clear relationship between subjects or when the amount of data is substantial.

2.2.2. Indicators of Analysis

We employed descriptive and relational bibliometric indicators and methods. Coun-
tries and institutions contribute to a better understanding of the socio-demographic context.
The publication year frequency aids in visualizing and establishing stages in the history of
research. Keywords aid the comprehension of how concepts and research are classified and
linked in this context. This clarifies which of these have not been thoroughly examined.
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2.2.3. Data Sourcing and Analysis Method

In terms of the database selection, Google Scholar lacks the quality control needed for
its use as a bibliometric tool; the larger coverage it provides consists in some cases of items
not comparable with those provided by other similar databases [84]. We did not choose
Scopus either as it has a more comprehensive list of contemporary sources. However, our
study aims to cover a broader time range, that is, starting from the earliest documents. Based
on the discussion above, Google Scholar and Scopus have been excluded from this study.

This study used datasets from Web of Science (WoS). WoS is a well-known and widely
used digital database that provides researchers with high-quality publications of various
types [73,85,86]. WoS has over 21,000 peer-reviewed journals in over 250 categories and
covers a wide spectrum of publications from many fields [87]. Furthermore, WoS is
an appropriate database because it contains a variety of data, including titles, authors,
institutions, countries, abstracts, keywords, references, citation counts, impact factors, and
other information [82,88]. As a result, the datasets can be used for bibliometric analysis and
information visualization.

The data were retrieved from the WoS Core Collection (WoSCC) database on 10
January, 2022, and the time span was set from “1 January, 1900 to 31 December, 2021.” There
are five types of PAs in Nepal [76]. Therefore, the search formula used was “TS = Nepal
protected area* OR Nepal national park* OR Nepal wildlife reserve* OR Nepal buffer zone*
OR Nepal hunting reserve* OR Nepal conservation area*” and the document type was
chosen as “ARTICLE” and in “English”, yielding a total of 864 documents. We only selected
journal articles because they are regarded as “certified knowledge” and because they are
the outcome of an evaluation procedure, which gives the results credibility [89]. As a result,
we excluded proceedings papers, news articles, or other documents (Table 1).

Table 1. A summary of searching criteria.

Data Source Web of Science Core Collection

Citation indexes SCI-EXPANDED; SSCI; AHCI; ESCI

Date range 1 January 1900-31 December 2021

Keywords “Nepal protected areas OR Nepal national parks OR Nepal wildlife
reserves OR Nepal buffer zones OR Nepal Hunting reserves”

Document types “Articles”

Language “English”

Sample size 864

We did not analyze “Hunting reserve” because the sample size was too small (only 12)
to be used for knowledge mapping (Table 2) since the ideal sample size should be more
than 50 documents [90]. After searching and screening, 864 articles covering 73 research
areas were collected. These papers were by 2057 authors affiliated with 1026 institutions in
64 countries and regions. These were published in 315 journals and cited 13,014 references
(Table 3).

Table 2. Counts of keywords.

Keywords Counts %
All 864 100.0
National Park 622 71.9
Protected area 327 37.8
Wildlife reserve 68 7.8
Conservation area 171 19.8
Buffer zone 118 13.7
Hunting reserve 12 1.39
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Table 3. Descriptive results.

Criteria Quantity
Publications 864
Research categories 73
Authors 2057
Journals 315
Institutions 1026
Countries and regions 64
Cited references 13,014

Using the WoS “Analyze the Results” function, descriptive statistics on year and count,
research categories, countries, and regions were conducted; SPSS 26.0 was used to conduct
statistical analysis on the stages of publication; CiteSpace V and VOSviewer were used to

conduct the mapping process.

3. Results
3.1. Publication Performance Statistics

Figure 2 depicts the publication counts over the years and the cumulative publications.
All data were imported into SPSS 26.0 for a correlation test. This shows that there is an

exponential relationship between the volume of the literature and time (Table 4).

Annual publications

Annual publications

—Cumulative publications

1000

900

800

Cumulative pubiications

Figure 2. Publication counts and cumulative counts over years.

Table 4. Statistical analysis of counts and years.

Year Count
Year Pearson Correlation 1 0.893 **
Sig. (2-tailed) 0.000
N 38 38
Count Pearson Correlation 0.893 ** 1
Sig. (2-tailed) 0.000
N 38 38

** Correlation is significant at the 0.01 level (2-tailed).
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From 1979 to 1990, there was a period in which only a few publications were produced,
with a barren period between 1979 and 1990, the incipient period. The second phase
(1991-2006) witnessed a nearly 10-fold increase in the number of publications on average.
Although the third period (2007 to 2014) had some fluctuations, it still showed a significant
increase in the number of articles, indicating that the study had progressed. After 2015,
the number of articles increased sharply. The year 2020, with 78 articles, had the most
publications. By the end of 2021, the cumulative number of publications reached 864.
A further increase is expected for 2022.

A total of 73 research categories were included. The research domain was broad in
scope, encompassing a wide range of topics and disciplines. Figure 3 shows the top 15 with
more than 20 publications. Environmental sciences came first with 249 papers, followed
by ecology with 235 papers. Biodiversity conservation contributed 194 publications, and
zoology 118 publications. Publications can also be found in other disciplines.

Environmental Sciences —249

Ecology 235
Biodiversity Conservation _ 194
Zoology 118

Environmental Studies
Physical Geography
Multidisciplinary Sciences
Multidisciplinary Geosciences

Forestry

Subject categories

Green Sustainable Science Technology
Hospitality Leisure Sport Tourism

Plant Sciences

Geography

Economics

Evolutionary Biology

100 150 200 250
Publication number

Figure 3. Research categories.

In total, there were 864 publications in 315 journals. Although many journals sup-
ported a wide range of research themes and multidisciplinary characteristics of studies on
Nepal’s PAs, 33% (n = 286) of the journals had published no more than five publications.
Table Al provides a list of journals with more than 10 publications; Table A2 shows the top
10 most cited articles.

The visualization map produced using VOSviewer provides a more direct impression
of the journals’ citation correlation (Figure 4). The threshold was set at five to study the
connections and clusters of the most prolific journals. The map shows five clusters (five
colors). The cluster shown on the right part of the map consists of five journals of geoscience
and appears slightly distant from the other four clusters, which are closely connected to one
another. The journals were extensively connected to each cluster. The node size denotes the
number of journal publications, as illustrated in the map.
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Figure 4. Journals citation correlation.

3.2. Analysis of Countries and Regions and Major Research Institutions
3.2.1. Countries and Regions

A countries/regions co-authorship network visualization map (Figure 5) was built
to show their relationships. The minimum document criterion is set at 5. Of the 64 units,
33 were identified as visualization objects. The number of papers is represented by the
size of the circles, with larger circles indicating more documents. Seven clusters can be
recognized by their distinct colors. For example, Nepal and the United States collaborated
extensively, and their contributions were obviously larger than others. Nepal contributed
360 publications, while the United States contributed 313. Other countries and regions have
also contributed to this research field as well. However, many of them are far from each
other on the map, showing weak cooperation.
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Figure 5. Countries and regions.
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3.2.2. Major Research Institutions

VOSviewer was used to create an organization citation visualization map to investigate
primary collaboration among the 976 organizations (Figure 6). There were 73 powerful
organizations (7.5%) that remained when the threshold value was set to 6. The map shows
that these organizations are grouped into four clusters (shown in 10 colors in Figure 6).

agr uniinarway
uniy copgnhagen
boise stgte univ
uni wigkansin
iy gl ado
arizona@fare univ hokkzgo unte texas aBim univ
unie calif sats barbara tech unnemunich
univmaine
penn stgte uri ichigarigeate univ - univiggrzen. @
- charies i pra
T H Ul prague
- tribh univ
it forests soll conggpuat .
g Unviiprioa Ui mifipicsata : J univSiens
! L aadnal trus’*cnswvat
g [ univlan
srgiigtech /08 ot L ar
f © J univ padua
unw@iford 0 al ‘ ev k2 o comm
& - 3 BoviiERalchinesaarad % o
""55‘ . * A red pand@netwark

@& dept nan parks YvildifeRonservar

el 4 wildlifefiscindia @

[ sathmanduidpst appl stl
Juniviginey .
bird onsdivat nepzl L ]
+

L
floridaipt univ

wirginia polytechiinst & state univ

{}E}VOSViewer
Figure 6. Map of “Research Institutions”.

The size of the node symbolizes the number of publications, and the line connecting the
two nodes indicates the academic connection between the two organizations. The stronger
the connection, the shorter the line. All institutes are labeled with their abbreviations.
As shown in the map, the red cluster has the most members (39). The National Trust for
Nature Conservation (natl trust nat conservat) led the red cluster in terms of publication
production (46), followed by the Chinese Academy of Sciences (chinese acad sci) with
35 documents. Tribhuvan University (tribhuvan univ) led to a blue cluster. Tribhuvan
University contributed the most to both publications (138) and linkages (146). Arizona
State University (arizona state univ) led its cluster (in green color) with 20 publications
followed by Hokkaido University (hokkaido univ) (14). In the yellow cluster, Kathmandu
University (kathmandu university) contributed 23 documents. All clusters showed a close
internal connection, except for the blue cluster. On top of the map, two institutes, the
Agricultural University of Norway (agr univ norway) and University of Copenhagen (univ
copenhagen), are remotely related to Tribhuvan University and bear no connection to any
other clusters (Figure 6).

3.3. Analysis of Research Lineage
Diverse Research Aspects

Keywords are nouns or phrases that express the important substance of an article [91].
The keywords used in the publications were analyzed to provide both the most important
themes and significant research trends in the field [92]. VOSviewer was used to create a
keyword co-occurrence map that visualizes variations in scientific production [93]. We set
the threshold as the default value (10), and a binary counting method from both titles and
abstracts, ignoring structured abstract labels and copyright statements, was adopted. A
total of 339 (out of 20,916) items were discovered and sorted into three clusters (separated
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by color, as shown in Figure 7). The most frequently used keywords are shown in larger
nodes. These nodes are connected to each other at various distances. The greater the
association between the terms, the shorter the distance between the different nodes.
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Figure 7. Mapping of “All Keywords”.

The sizes of the nodes in Figure 7 show the frequency of the terms used. Larger
nodes indicate more frequently used keywords. The term “person”, “zone”, “distribution”,
and “habitat” had the most power. The nodes in the same cluster indicated that these
publications had a common theme. As illustrated in the red cluster (cluster 1, right,
130 nodes), the primary nodes like “habitat” and “density” were found. In this cluster,
other keywords such as “animal”, “livestock”, “tiger”, and “poaching” indicate a research
interest in major animals and related topics. Keywords like “person”, “wildlife”, “conflict”,
“household”, “livelihood”, “income”, “policy”, and “tourism” formed core topics in the
green cluster (cluster 2, bottom left, 115 items). We can determine that this cluster’s main
concern is related to people’s lives and their interactions with wildlife. Other keywords
such as “interview” and “case study” indicated the most adopted research methods in this
cluster. Next, nodes such as “zone”, “distribution”, “elevation”, “himalaya”, “temperature”,
and “transect” focused on the aspect of geographlcal and geological studies in the blue

cluster (cluster 3, top, 91 items).

i
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Burst detection is a valuable analytic tool for identifying keywords that attract consid-
erable attention from connected scientific communities over time. Keyword citation bursts
occur when the number of citations for a certain keyword spike is dramatic. Here, 25 bursts
discovered on the keywords were calculated using CiteSpace (parameter settings: years
per slice: 1; node types: keyword) to investigate the PA-relevant studies and to explore the
intensely explored directions (Figure 8). The top 25 keywords with bursts were mirrored
by the discovered hotspot keywords displayed in Figure 8. The period during which the
citation boom occurred is indicated in red.

Keywords Year Strength Begin End 1979 - 2021
constraint 1979 525 1992 2008
‘main central thrust 1979 607 1993 2010
inverted metamorphism 1979 413 1995 2008
langtang national park 1979 847 1996 2003
evolution 1979 581 1996 2006
local people 1979 79 1998 2011
community-based conservation 1979 473 1998 2012
nepal 1979 43 2000 2006
conservation attitude 1979 488 2001 2012
reserve 1979 357 2001 2008
attitude 1979 374 2005 2012
protected area management 1979 354 2007 2012
panthera tigri 1979 389 2009 2016
bioma 1979 347 2009 2015
sagarmatha national - park 1979 492 2010 2016
community based conservation 1979 351 2010 2012
chitwan national park 1979 435 2011 2013
diet 1979 371 2013 2016
variability 1979 349 2014 2017
climate change 1979 654 2016 2021
precipitation 1979 409 2016 2019
abies spectabili 1979 354 2016 2018
livestock 1979 404 2017 2021
selection 1979 361 2018 2021
impact 1979 571 2019 2021

Figure 8. Citation burst detection.

s

The keywords of the early stage were “constraint”, “main central thrust”, and “in-
verted metamorphism”, denoting a period of research interest in geological studies. Then,
from 1998 to 2015, “local people”, “community”, “conservation”, and “protected area
management” and wildlife attracted intense research enthusiasm. Two of Nepal’s famous
national parks, Sagarmatha National Park and Chitwan National Park, have received
intense attention from the scientific community. In recent years, topics related to climate
change have enjoyed a boom. Keywords “climate change” and “precipitation” are now in
the burst range, along with the two other burst leading keywords, “abies spectabili” and
“impact”, indicating the latest research hotspot related to climate change.

By assessing the burst keyword order, such as “main central thrust”, “local people”,
“conservation”, “attitude”, “climate change”, and “impact”, the dynamic process can be
found in Figure 8. The keyword bursts also revealed that the focus of the study shifted

rapidly over time.

3.4. Comparison among Different Keywords
3.4.1. Protected Areas

PA subjects were divided into five colored clusters (120 items) (Figure 9). The red clus-
ter with the most terms (60) is led by “park”. Other keywords in this cluster include “local
person”, “perception”, “policy”, “attitude”, “interview”, and “tourism”. Most of the key-
words in this cluster were related to parks and interactions with local people/communities.
“Species”, “population”, “distribution”, “threat”, “habitat”, and “landscape” are the primar-
ily associated terms in the green cluster (43 items), which is related to research on wildlife
and their habitats as well as the impact of human. The blue cluster contains 14 items with
“forest”, “diversity”, and “community forest” being bigger nodes, indicating a research
interest in forests and interaction with the community. The other two clusters contained

too few items to be analyzed.
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Figure 9. Mapping of “Protected Areas”.

3.4.2. National Parks

The “National Parks” topic has three colored clusters with 228 items (Figure 10).
The red cluster holds the most terms (87) with “person” at the center. Other keywords
in this cluster include “livelihood”, “attitude”, “perception”, “conflict”, “wildlife”, and
“tourism”, suggesting studies related to local people’s relationship with national parks.
The green cluster contains 82 items with bigger nodes of “range”, “density”, “animal”,
“abundance”, “livestock”, and “tiger”, which demonstrates a research interest in wildlife
and their living environment and interaction with the community. Most of the keywords in
the blue cluster (59 items) were related to abiotic studies, such as geological and climate

change. “Himalaya”, “structure”, “climate change”, and “glacier” are important terms in
this cluster.
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Figure 10. Mapping of “National Parks”.
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3.4.3. Buffer Zones

“Buffer zones” brought up 221 items and were grouped into three clusters (Figure 11).
The keywords such as “region”, “tourism”, “development”, “dynamic”, and “sagarmatha”,
led the red cluster (92 items). In the green cluster, studies were more related to “royal
chitwan national park”, “resident”, “cost”, and “place” places (67 items). The blue cluster

has 62 items with “conflict”, “increase”, “wildlife”, “tiger”, “attack”, and “victim” being
eye-catching. This cluster concerns wildlife attacks and their impact.
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Figure 11. Mapping of “Buffer Zones”.

3.4.4. Conservation Areas

This field of “conservation areas” generated three clusters as well, containing 144 items
(Figure 12). The threshold for this map was set at five because the sample size was too
small to produce a satisfactory map. It is worth noting that the keyword “park” is centered
on the whole map, showing a close connection to the other two clusters.

The red cluster holds 65 items with important nodes of “development”, “partici-
pation”, “local community”, “income”, “tourism”, and “aca (Annapurna Conservation
Area)” pointing to studies on tourism-led development and local participation. The green
cluster (49 items) is led by items of “habitat”, “park”, “distribution”, “range”, “species
richness”, “temperature”, “treeline ecotone”, and “musk deer” showing a mixed research
focus on wildlife, their habitat and plants’ correlation with temperature. In the blue cluster
(30 items), “snow leopard”, “conflict”, “blue sheep”, “density”, “ecology”, and “prey” are
bigger nodes showing intense research interest in animal and ecological perspectives. The
word “conflict” is very close to the red cluster, indicating a close relationship between

wildlife and “development”.

nou
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Figure 12. Mapping of “Conservation Areas”.

3.4.5. Wildlife Reserves

Mapping of this topic produced 119 items that were organized into three clusters
(Figure 13). “Park” and “reserve” are considerably larger than the other keywords with the
former being center of the map. Apart from “reserve”, the red cluster (46 items) concentrates
on “threat”, “individual”, “water buffalo”, and “poaching”. It is also a field of research
on animals and their living environments. Green (38 items) is mainly about animals, such
as “ungulate”, “axis porcinus”, and “prey”. However, this cluster’s studies have been
mostly low with regard to “lowland Nepal”. The blue one is clearly related to studies on
local people and conservation because this cluster is led by keywords such as “person”,
“household”, “benefit”, “local community”, “conflict”, “damage”, and “compensation”.
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Figure 13. Mapping of “Wildlife Reserves”.
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4. Discussion
4.1. Research Trends Shifting

The multidisciplinary nature of research on PAs, as well as the numerous and compli-
cated interrelationships between these fields, have made it difficult to identify its trends
shifting pattern. We discovered buried information underpinning this major body of
research.

The conservation strategy of protected areas is in a process of dynamic change. Na-
tional policies and socio-economics are the drivers of these changes [65]. The emergence
of new changes leads to changes in research hotspots accordingly. This trend of changes
is also reflected in our study. In 1973, the Chitwan National Park (CNP) was established
and the Nepalese conservation paradigm entered the “Yellowstone paradigm”, with strict
management and a ban on people living in the park [65]. This phase was dominated by
research focused on geology.

From the 1980s onward, the Nepalese government recognized the importance of a
participatory conservation and development model. The government legislated in 1989 to
define the approach, that is, to recognize the indispensable role of local people in the
conservation process [65]. Our keyword burst analysis also reflects this trend. The burst
of the keyword “community-based conservation” (Figure 8) from 1998 to 2012 marks
the emergence of a great number of relevant studies. The large number of studies also
provides a strong theoretical basis for Nepal to be a successful model of biodiversity
conservation [94]. As the new conservation approach no longer completely excludes people
from PAs, it has also led to some new thinking. For example, studies on people’s attitudes
toward conservation, on the relationship between people and animals have been conducted.

The latest research trends are mainly related to climate change and its impacts, as
Nepal is a country prone to climate change disasters [95], which is in accordance with the
global concern regarding this topic.

It is important to note that we observed a lag in the changes in research hotspots
relative to policy changes. This is because it takes time for policies to take effect and for
research to progress. Based on this, we highly encourage research on future projections
based on the previous research findings and changes in research hotspots. Research on
PAs in Nepal is mostly conducted in traditional academic disciplines. However, with the
impact of climate change and the resultant increase in natural disasters, studies from other
research areas, such as remote sensing, meteorology, and atmospheric sciences, are thus
expected to contribute much more [96].

4.2. Power Shifting and New Players

By using the WoS function “analyze results”, we found that Kenya and Austria were
among the pioneers of studying Nepal’s Pas (Figure 14). Kenya contributed to animal
research, with its first publication concerning the ivory trade in 1998 [97]. Austria started
its studies on Nepal’s PAs with a publication in 1994 in Germany about the impact of
tourism [98]. As new players, the Netherlands and Belgium have contributed mostly to
studies on biodiversity conservation and ecology. Meanwhile, Poland is interested in the
management of national parks, waste management, plants, and tourism.

Something interesting can be found in the density map of countries and regions
(Figure 15). Besides the US and Nepal, another contributor to the research on PAs in Nepal is
China. This is not unusual because China is naturally interested because of its neighboring
location in Nepal. To a certain degree, these two countries are connected to one another
ecologically. Other close neighbors of Nepal, such as Bhutan and Bangladesh, seem to be
less active in this party. However, bordering on each other means that they are bound to
have mutual benefits or losses. Transboundary PAs exist in Nepal. For example, the Sacred
Himalayan Landscape (SHL) connects Nepal, India, and Bhutan. These PAs also play the role
of ecological corridors for some iconic animals [65] between countries and regions. Hence,
here we highly suggest that these neighboring countries and regions conduct joint research,
which will bring more benefit to a larger regional, even international scale.
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Figure 15. Density map of countries and regions.

4.3. Uneven Research Interest and Homogenization of Research Methods about Each PA Type

Among the mapping results, we found that the keywords about people, animals,
development, and conflict were the most prevalent research topics. The management
policies at the early stage did not allow people to live in PAs, and people’s demand for
natural resources created conflicts with the reserve [99]. The community-based conservation
recognizes the indispensable role of local people in the conservation process and no longer
completely prevents people from living and working in PAs. However, it increases the
chances of encounters between people and wildlife, which can lead to conflicts. For
example, in CNP alone, there were over 4000 wildlife-attack losses to humans, livestock,
and property from 1998 to 2016 [100]. In other PAs around the world, human-animal
conflict is also of widespread concern [101]. In addition, it is difficult to strike a perfect
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balance between conservation and development, for example, using tourism to promote
the economy will inevitably bring some environmental pressure.

Figure 16 shows the top five keywords that appeared to fall into each category. The
first two, “protected areas” and “national parks”, have received much more attention
from researchers. One of the reasons that national parks have been accumulating more
publications would be their longest history in Nepal’s conservation progress since the
establishment of the first national park, Chitwan National Park [79], a sign of formal
conservation in the country. Another reason may be the dominant number of parks
(12 national parks), which is the most common type of PAs in the country (Figure 1).
Being different from national parks, buffer zones, conservation areas, and wildlife reserves
allow local people to use forest products in a sustainable way in Nepal [65]. Under such
circumstances, the management goals and practical needs of local people often lead to
“park-people conflicts” [102,103]. The buffer zone is thought to be a major conservative
priority, but few studies have been conducted to test its effectiveness in Nepal [104]. Hence,
more studies in these less-investigated areas should be conducted in the future.
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Figure 16. Comparison of top five keywords under each topic.

Many studies related to “people”, such as perception and attitude studies, employ the
research methods of questionnaire surveys or interviews. However, it is worth noting that
even in different studies, repeated questions may evoke the “memory effect” leading to
unreliable answers [105]. Therefore, more studies should be pursued, and new relevant
topics and previously under-studied disciplines should be investigated.

4.4. Insufficient Attention to “Hunting Reserves”

The Dhorpatan Hunting Reserve (DHR; Figure 1) is the only hunting reserve in
Nepal and is home to many mammalian species [101]. We did not analyze the keywords
of “hunting reserves” because there were only 12 papers concerning this topic, which
was not sufficient to generate a preferable map for reasonable analysis. However, this
does not indicate that this hunting reserve deserves no academic attention. There are
approximately 350-500 snow leopards (Uncia uncia) living in Nepal’s northern frontier,
and their presence has been suggested in many PAs of Nepal, with DHR being one of
them [106]. However, their survival is threatened by conflict with humans [107]. As a
controlled hunting area, the DHR has the potential to contribute to the conservation of
snow leopards. Many scholars have studied this endangered species in conservation areas,
as suggested by the large node (Figure 12). However, little research has been conducted on
snow leopards in the DHR. We suggest that special attention be paid to this issue. However,
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buffer zone communities depend on the revenue generated by the DHR. This avenue
usually comes from the government’s sale of hunting permits, and DHR creates certain
job opportunities [99]. Given the importance of DHR in terms of its social and ecological
aspects, more relevant studies are needed.

4.5. Limitations of This Study

Proceedings were excluded from our study. However, papers in proceedings derived
from international conferences usually contain hot topics. Book chapters were also excluded,
but many important social science studies have been described. Here, we suggest that
future studies consider an analysis that includes proceeding papers and book chapters. We
did not perform thesaurus removal because of the large number of keywords analyzed in
our study. This may cause some inaccuracies in the node size and links.

5. Conclusions

To draw a holistic and systematic picture of research on PAs in Nepal, we undertook
an integrative study using bibliometric analysis. An increase in the number of papers
indicates that the topic is growing and has attracted intense research interest. This research
did not receive widespread attention in the early years. However, the exponential growth
trend in the literature shows a high level of enthusiasm for research on this topic in Nepal.
We identified the changing trend in this field from geological aspects in the early stage
to the recent hotspots of climate change-related perspectives. There has been a shift of
“research powers” in countries and regions. Kenya, Canada, Norway, Switzerland, and
the US were among the earliest players. Nepal contributed the most in the middle stage.
China also became interested in this period. Belgium and Poland contributed the latest
publications.

We found that the research hotspots are changing with the shifting of conservation
policies in Nepal. We suggest conducting more predictive studies on the future develop-
ment of PAs. Currently, PAs research is mainly conducted in traditional disciplines, but
with the impact of climate change and the consequent increase in its negative impacts,
academic contributions from other study disciplines, such as remote sensing, meteorology,
and atmospheric sciences, are expected to contribute much more. Research enthusiasm
toward each keyword showed some imbalance with “protected areas” and “national parks”,
attracting much more attention than others. Although there is currently only one hunting
reserve, we suggest that more relevant studies should be conducted.
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Appendix A

Table Al. The journals with more than 10 publications.

Ranking Journals Publication Number
1 Mountain Research And Development 39
2 Oryx 31
3 Environmental Conservation 29
4 Global Ecology And Conservation 26
5 Biological Conservation 23
6 Environmental Management 22
7 Ecology And Evolution 19
8 Plos One 19
9 Biodiversity And Conservation 18
10 Journal Of Environmental Management 14
11 Sustainability 14
12 Journal Of Mountain Science 12
13 International Journal Of Sustainable Development And World Ecology 11

Table A2. The top 10 most cited articles.

Publication Citation

Rank Title of Publications Journals Year Count
1 Tectonic evc?luhon of the central Annapurna Range, Tectonics 1996 43
Nepalese Himalayas
Neogene foreland basin deposits, erosional unroofing, and . . .
2 the kinematic history of the Himalayan fold-thrust belt, Geologlcal Society of America 1998 361
Bulletin
western Nepal
3 Shlsba Pangma leu.cogramte, S(?uth Tibetan Himalaya: Field Journal of Geology 1997 33
relations, geochemistry, age, origin, and emplacement
Isotopic constraints on the age and provenance of the Lesser ~ Geological Society of America
4 . . : 1996 323
and Greater Himalayan sequences, Nepalese Himalaya Bulletin
. g . Proceedings of the National
5 iﬂzlg?éigg 1:;11;“111% fﬁzelit;’o trraeteosI: and people from the air, on Academy of Sciences of the 2006 319
8 . Y United States of America
6 Decompression And Anatexis of Himalayan Metapelites Tectonics 1994 301
Tectonometamorphic evolution of the Himalayan Journal of Metamorphic
7 metamorphic core between the Annapurna and Dhaulagiri, P 1996 254
Geology
central Nepal
Exhumation, crustal deformation, and thermal structure of
8 the Nepal Himalaya derived from the inversion of Journal of Geophysical 2010 217
thermochronological and thermobarometric data and Research-solid Earth
modeling of the topography
P-T-t data from central Nepal support critical taper and . . .
9 repudiate large-scale channel flow of the Greater Himalayan ](;slc;lec;;gr:cal Society of America 2008 213
Sequence
10 Local attltude.s towards conservation and tourism around Environmental Conservation 2001 208
Komodo National Park, Indonesia
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Abstract: Management evaluation is increasingly required for national parks worldwide as it is
an essential mechanism for improving management levels and achieving management objectives.
The management capacity evaluation (MCE), an integral component of management evaluation,
emphasizes the suitability of management measures. It helps identify the deficiencies in existing
management measures and form feedback to improve them, thus increasing the overall management
level of national parks. However, the existing MCE methods from international programs suffer from
limited adaptability and are difficult to promote in other countries. In this research, we apply the best
practice-based (BPB) method to the Three-River-Sources National Park (TNP), the first national park
in China, to reveal the changes in its management capacity during the pilot period. The BPB method
is new compared with other MCE methods, but is more adaptable to the current situation of China’s
national parks. Results show that TNP’s comprehensive management capacity and the five aspects
of management capacities improved effectively, which means the management measures adopted
during the pilot phase were generally appropriate and practicable. Some management capacities,
such as management organization, legal system construction, management planning, and natural
resources confirmation and registration performed well or improved significantly during the pilot
period, providing beneficial lessons for other national parks in China. Some management capacities,
such as the ecological compensation scheme, monitoring and early warning system, and management
team, are still deficient and should be prioritized for future improvement. The effectiveness and
operability of the BPB method are validated in this research, as it provides a rapid and accurate
diagnosis of TNP’s management capacities and useful feedback for improving them. We submit
that the BPB method not only contributes to the theoretical improvement of MCE methods, but also
shows wider adaptability to different protected area types and countries.

Keywords: management capacity evaluation; management measures; national park; protected area;
best practice; indicator system; Three-River-Source National Park

1. Introduction

Protected areas (PAs) are defined as an area of land and/or sea especially dedicated
to the protection and maintenance of biological diversity, and of natural and associated
cultural resources, managed through legal or other effective means [1]. They are of great
significance in mitigating biodiversity loss, maintaining the crucial services provided, en-
hancing community health, and safeguarding national ecological security [2—4]. Since
the first protected area was established in 1956, China built a system of PAs covering
forest, grassland, wetland, marine, and desert ecosystem types, aiming to preserve rare and
endangered species, natural relics, and natural landscapes [5]. As of 2018, there are more
than 10 types of PAs in China, with more than 11,800 sites, covering a total area of about
18% of the land area and 4.6% of the sea area [6,7]. However, due to the unclear rights and
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responsibilities, the replication of administrative efforts, and the fragmentation of conser-
vation expertise, these PAs suffer from varying degrees of management inefficiency [8].
To this end, China conducted the institutional reform in March 2018, and established a
new protected area system comprised of three types: national parks, nature reserves, and
natural parks [9].

National parks, comprising areas that showcase ecosystems characteristic of China,
are defined as the mainstay of this new protected area system. National parks are important
components of the global protected area system, not only having the function of providing
high-quality ecological products, but also providing human society with public services,
such as research, education, and recreation [10-12]. Since the Yellowstone National Park
was established in the U.S. in 1872, more than 200 countries around the world participated
in the construction of national parks, and a great amount of financial and non-financial
resources are continuously invested in their construction [13]. However, it is increasingly
questioned whether the input of various resources enhanced the management capacity and
effectiveness of national parks and whether the management objectives of national parks
were achieved as expected. Since the fourth World Parks Congress in 1992, these issues
are featured prominently on the national park management agenda and became common
concerns [14]. China also confronts these questions in the construction of national parks.
Ten national park pilots were established since 2016, and the first batch of five national
parks was officially recognized in October 2021 at the 15th meeting of the Conference of
the Parties (COP15) to the United Nations Convention on Biological Diversity. During this
period, the construction of national parks received extensive attention from governments
at all levels, as well as obtained strong policy support and a large amount of capital and
technology investments. However, whether and to what extent these investments improved
the management capacity and efficiency of the national parks is not credibly answered.

In the management of PAs, management evaluation is recognized as an important
mechanism to improve management practices, promote transparency for reporting, and
create proper accountability [15]. International attention was drawn to the management
evaluation of PAs since the 1970s [14]. After nearly 50 years of development, a composite
management evaluation system that includes evaluations of effectiveness, capacity, threats
and stresses, impacts, and biophysical characteristics was established [13,16-19]. The most
widely used management evaluations are the management effectiveness evaluation and
the management capacity evaluation. The management effectiveness evaluation (MEE)
primarily refers to the responsiveness of management results to desired objectives [14,15].
The management cycle-based evaluation framework proposed by the International Union
for Conservation of Nature (IUCN) became the cornerstone of a series of MEE methods.
Several of these methods, such as rapid assessment and prioritization of protected area
management (RAPPAM), the management effectiveness tracking tool (METT), and enhanc-
ing our heritage (EOH), are widely used in many PAs around the world [20-24]. MEE tends
to reveal the effectiveness of management and conservation by measuring changes in the
state of PAs, therefore being more applicable to mature PAs and mainly being used to make
comparisons between PAs. Compared to MEE, the management capacity evaluation (MCE)
focuses on the suitability of management measures, that is, whether management measures
respond effectively to management needs [25]. The Parks in Peril Program, initiated by
The Nature Conservancy (TNC), evaluates the management capacity of national parks
from the perspectives of primary conservation action, long-term management, financial
support, and local guarantee. This method was applied in 17 countries in Latin America
and the Caribbean [26,27]. The Proyecto Ambiental Regional de Centro America program
(PROARCA) proposed an MCE method with an indicator system comprised of social
relations, administration, natural and cultural resources, political law, and finance. This
method was applied in Panama, Honduras, El Salvador, Nicaragua, Guatemala, and Costa
Rica in Central America [28]. MCE helps diagnose the soundness of management practices
in an individual PA and is often used in the early stage of the PA’s construction.

87



Land 2022, 11, 1565

China started management evaluation practices in the 1990s, focusing on the MEE of
nature reserves. Xue and Zheng explored the indicators and standards of MEE for nature
reserves in China, and proposed an indicator system containing management conditions,
management measures, a scientific research base, and management effectiveness [29].
Since then, several mature international methods were introduced to China, of which
RAPPAM and METT are widely used. According to incomplete statistics, by the end of
2019 there were 2081 nature reserves with a total area of 1,238,500 km?2, which accepted
MEE, accounting for 66.37% of the total PAs in China [30]. In addition, the management
authorities developed specifications for the MEE of nature reserves, such as the Technical
requlations for the management effectiveness evaluation of nature reserves (LY/T 1726-2008) and
the Standard for assessment of nature reserve management (HJ 913-2017). At this time, a
mature MEE evaluation system for China’s nature reserves is formed. However, due to the
differences in conservation objectives and management needs, the existing MEE methods
of nature reserves cannot be directly applied to national parks. Furthermore, the national
parks of China are at the early stage of construction, so the MCE that emphasizes the
suitability of management measures is more appropriate for them. It will help identify
the deficiencies in existing management measures, improve the management processes,
and increase the overall management level of national parks. Although the existing MCE
methods from international programs can provide some references, their indicator systems
and evaluation standards lack wider adaptability, making them difficult to promote in
other countries, such as China.

In this research, we apply the best practice-based (BPB) method to the Three-River-
Sources National Park (TNP), the first national park in China, aiming to reveal the changes
in its management capacity during the pilot period. The BPB method summarized the best
practices of national park management in different countries and proposed an indicator
system and a set of evaluation standards for evaluating the management capacity of na-
tional parks, therefore having wider adaptability and a larger potential for promotion [31].
Compared with other MCE methods, this method is more adaptable to the current manage-
ment situation of China’s national parks, and is able to quickly identify the shortcomings
in the management and the gaps at the international best level. However, the BPB method
was rarely applied since it was proposed. Thus, its effectiveness and operability are lacking
in validation. We submit that this research will not only help improve the management
capacity of TNP and provide guidance for the management of other national parks in
China, but will also test and validate the BPB method and contribute to the theoretical
innovation and improvement of MCE methods.

2. Materials and Methodology
2.1. Best Practice-Based (BPB) Evaluation Method

As mentioned earlier, the MCE is an important component of protected area man-
agement evaluation and is particularly essential for current national park management
in China. However, the existing MCE methods from international programs suffer from
limited adaptability and are not well suited to the management needs of China’s national
parks. To this end, we apply and test the BPB method proposed by us in 2019 [31]. The most
important feature of this method is that the evaluation indicators and standards are selected
and determined based on the best practices of existing national parks in the world. To
design the indicator system, we firstly made a systematic review of national park manage-
ment practices in various countries, such as the U.S., Canada, the U.K., South Africa, Japan,
South Korea, and Argentina, and obtained a summary of the best practices in worldwide
national parks. Then we developed an indicator system with a total of 18 indicators in the
five aspects and designed five criteria accordingly: institutional construction, guarantee
mechanism, natural resources and ecosystem management, community management, and
popularization and education (Table 1).
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Table 1. Evaluation indicators of the best practice-based (BPB) method and their best standards.

Criterion Indicator Best Standards
An independent management organization is established in the
Management organization national park with well-organized departments and a clear division
of duties, which allows for efficient and orderly operation.
Institutional The management team has excellent professional knowledge and
construction Management team comprehensive capacity and frequently participates in professional

skills training.

Management planning

The management planning can integrate multiple plans of the
national park to meet its management needs to the largest extent and
form a mechanism for dynamic adjustment and regular revision.

Financial support

The national park has sufficient financial investment, diversified and
stable financing channels, and a sound capital management system.

Legal system construction

The national park has a sound legal system, clear legal hierarchy, and
professional enforcement team.

Guarantee mechanism
Scientific research support

A dedicated team conducts long-term and steadily based scientific
research, and the research results serve to construct the national park.

Multi-stakeholder participation

The enterprises, social organizations, community residents, and other
parties are involved in the management of the national park.

Audit mechanism

An audit mechanism system that acts as a constraint has effective results.

Natural resources inventory

The national park completed comprehensive natural and resource
inventories and formed a complete resources database.

Natural resources confirmation

Natural resources and and registration

The national park completed the confirmation and registration of its
natural resources.

ecosystem Ecosvstem restoration The national park implemented scientific and long-term ecological
management 4 restoration initiatives, which resulted in significant effectiveness.
S The national park has a complete monitoring and early warnin
Monitoring and early ¢ nationalp S 4 compete montorng eary warning
. mechanism, as well as the necessary facilities to monitor complete
warning system . .
ecological elements and accurately warn of natural disasters.
There is a community organization with a complete structure and
Community organization standardized management, in which the community residents’
construction interests can be covered and their recommendations can be presented
regularly.
Community A well-established community co-management mechanism allows
management Resident participation community residents to participate in managing the national park in

various ways.

Ecological compensation
scheme

The ecological compensation scheme is diversified and stable,
providing flexible and diverse compensation methods that are
satisfactory to the recipients.

Recreation management

There are comprehensive recreation management regulations and
standardized visitor management systems to meet the recreation
needs of the public.

Popularization and

. ien ularization
education Science pop o

By providing rich and colorful popular science activities, comprehensive
science popularization facilities and exquisite science popularization
materials, the national park realized an extensive publicity.

Environmental education

The national park conducts a wide variety of environmental
education activities to raise the environmental protection awareness
of the community, visitors, and the general public.

Source: reference [31].

Based on the above indicator system, we applied the hierarchical analysis method
and participatory evaluation process to determine the weight of each indicator. A total
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of 30 experts from the fields of ecology, environment, management, and planning were
invited to make a judgment on the importance of each criterion, and the weights of the five
criteria were then calculated (Table 2). The weights of institutional construction, guarantee
mechanism, natural resources and ecosystem management, community management, and
popularization and education were 0.380, 0.179. 0.212, 0.067, and 0.162, respectively. Next,
the weights of each indicator under each criterion were calculated in the same way (Table 2).

Table 2. Weights of the evaluation indicators of the BPB method.

Criterion Indicator Weight
Institutional construction Management organization 0.354
(0.380) Management team 0.426
’ Management planning 0.220
Financial support 0.376
. Legal system construction 0.240
Guarantee mechanism o
(0.179) Scientific research support 0.194
' Multi-stakeholder participation 0.122
Audit mechanism 0.068
Natural resources inventory 0.313
Natural resources and . . . .

. Natural resources confirmation and registration 0.273
environment management E . 0.193

(0.212) cosystem restoration .
' Monitoring and early warning system 0.221
. Community organization construction 0.422

Community management . e

(0.067) Resident participation 0.289
’ Ecological compensation scheme 0.289
Popularization and education Rec.reatlon malnagerr}ent 0383
(0.162) Science popularization 0.217
’ Environmental education 0.400

Source: reference [31].

To evaluate the management capacity of a national park, participants will be invited to
score each indicator by judging the extent to which the corresponding management capacity
meets the best standard. Each indicator is scored through a five-grade scale; 5, 4, 3, 2, and 1
represent fully compliant, relatively compliant, largely compliant, not very compliant, and
not compliant, respectively, with the score of 100, 75, 50, 25, and 0 on a percentage scale.
When calculating the comprehensive management capacity score for each national park,
the scores in each aspect should be calculated first. The score of the management capacity
in one aspect is calculated by summing the weighted score of each indicator (Equation (1)).
Then the comprehensive management capacity score of the evaluated national parks is
obtained by weighting the management capacity score in each aspect (Equation (2)).

m
Sc=)_PS; 1)
iz

where S represents the management capacity score in one aspect, P; represents the weight
of the i-th indicator in this criterion, and S; represents the management capacity score of
the i-th indicator in this criterion.

j
S=Y PSi(j=5) @)
c=1

where S represents the comprehensive management capacity score of the evaluated national
park, P; represents the weight of the j-th criterion, and S;. represents the j-th Sc.

Both the single and comprehensive management capacity of the national park can be
categorized into four grades of excellent, good, regular, and poor based on their scores (Table 3).
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Table 3. Grades of the management capacities of national parks.

Grade Excellent Good Regular Poor
Scores 90 <S5 <100 75 <5<90 60<5<75 S <60

Source: reference [31].

To make better use of the BPB method, we suggest following the below procedures:
(1) defining the spatial and temporal scopes of the evaluation, (2) gathering background
data and information, (3) applying the evaluation method, (4) analyzing the evaluation
results, and (5) forming feedback to the park management.

o  The first step is to identify the spatial and temporal scopes of the evaluation. The
spatial boundary of the evaluated national park needs to be clarified, which is usually
the entire area or a sub-zone. The time point of the evaluation needs to be determined,
which is usually a specific year. If the changes in the management capacity within a
certain period need to be evaluated, the baseline year and the evaluation year need to
be selected.

e The second step is to gather and organize background information and data for each
indicator, which is essential for preparing the evaluation and serves as a support for
the subsequent phase of analyzing the evaluation results.

e The third step is to apply the evaluation method. The application of the BPB method
needs such evaluation tools as questionnaires and scorecards, and the evaluation
results are obtained through statistics.

e The fourth step is to analyze the evaluation results and look for the reasons behind the
changes. This step helps to identify the reasons for high or low management capacity,
as well as why it is improving or deteriorating.

e  Thefinal step is to provide feedback to the national park management. The findings are
used to propose appropriate actions in order to enhance better management, including
additional rectification of management measures, and adjustments to management
priorities and resource allocation ratios.

2.2. Study Area

The Three-River-Source National Park (TNP) (89°45'-102°23' E, 31°39-36°12’ N) is
located in the southern part of Qinghai Province, China, and covers an area of 123,100 km?.
TNP serves as the source catchment area of the Yangtze River, Yellow River, and Lancang
River, so it consists of three zones: the Yangtze River Source Zone, the Yellow River Source
Zone, and the Lancang River Source Zone. The mountainous terrain in the park extends to an
average altitude of over 4500 m, and alpine meadows and alpine grasslands are the primary
ecosystem types [32]. TNP includes Zhiduo County, Qumalai County, Maduro County, Zaduo
County, and the Hoh Xil nature reserve, comprised of 12 townships and 53 administrative
villages (Figure 1). There are a total of 16,621 households and 64,000 residents in the park,
most of whom are Tibetan. The economic development within the park is backward, and the
industrial structure is single, primarily relying on traditional animal husbandry, with limited
employment and income generation channels. Thus, there is a great incongruity between
ecological conservation and economic development in the park.

In April 2016, TNP became China’s first national park pilot, and in October 2021, it
was formally certified as a national park. TNP became one of China’s most nationally
representative national parks by optimizing the conservation boundaries, coordinating the
conflicts between conservation and development, etc. To evaluate its management capacity
thoroughly, we define the entire area of TNP as the spatial boundary. We choose 2017 and
2021 as the baseline and evaluation years to quantify the changes in its management capacity.
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Figure 1. Location of the Three-River-Source National Park (TNP), China.

2.3. Data Collection

To collect background data and information, we conducted a field survey in TNP from
18 to 29 August 2018, and paid a return visit to the interviewees from 11 to 14 January 2022.
The survey route in 2018 passed through the whole area of TNP, beginning in Xining City
and continuing through Xinghai County, Mado County, Yushu City, and finally Zaduo
County. Along the survey route, we conducted key person interviews and organized
workshops with the staff of the TNP management authority, the three zone management
committees, and some ecological protection stations.

Through interviews, we got first-hand information about management measures in
management organization, the management team, scientific research support, community
organization construction, science popularization, and environmental education in 2017.
We also obtained statistical data, policy, and technical documents on management planning,
financial support, monitoring and early warning system, natural resources inventory, and
resident participation in 2017. In January 2022, we returned to the above interviewees
to update these data for 2021. Furthermore, we collected information on legal system
construction, ecosystem restoration, and environmental education between 2017 and 2021
by searching literature and websites. Based on the above process, we sorted out the major
management measures taken by TNP according to the management criteria (Table 4).

We completed “the MCE Questionnaire of TNP” by inviting managers of TNP, includ-
ing the staff from the National Park Authority, the management committees of three zones,
and the ecological protection stations. We also distributed the questionnaire to experts
who were engaged in soil and water restoration, ecological compensation and community
co-management of TNP for a long time. A total of 79 questionnaires were returned for this
research. Forty questionnaires were returned in 2018, of which, 30 were from managers
and ten were from experts. Thirty-nine questionnaires were returned in 2022, of which 28
were from managers and 11 were from experts. During the data processing phase, the score
for each indicator was calculated, with managers scoring 40% and experts scoring 60%.
TNP’s management capacity score of five aspects and comprehensive score were calculated
by weighting and adding the scores for each indicator.
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Table 4. Management measures adopted by TNP during the pilot period.

Criterion

Management Measures

Institutional construction

The TNP management authority was established in 2016 with a four-tier management structure:
the management authority, the management committee of three zones, the management office, and
the ecological protection station.

The TNP management authority consists of ten departments with a staff number of 402 at the
initial, which increased to 409 in 2022.

A two-tier planning system was established, with an overall plan and several special plans.

Once officially certified, the TNP adjusted its boundary in a timely manner by including the
headwaters of the three rivers into the conservation scope.

Guarantee mechanism

The main funding source of TNP is the financial allocations at all levels. TNP also accepted several
financial and in-kind donations from enterprises and social organizations.

The regulations on the management of TNP promulgated by the Standing Committee of the
Qinghai Provincial People’s Congress became the primary basis for management.

The TNP management authority established the “Legal Research Association of TNP”, introduced
a legal advisor system, and formulated 13 management measures.

The National Park Police Headquarters was established, which is directly under the leadership of
the TNP management authority, to carry out the investigation and prosecution of natural
resources in national parks.

An exclusive research support team, the Research Institute of TNP, was established to cooperate
with renowned universities and research institutions at home and abroad to carry out scientific
research from multiple perspectives.

Natural resources and
environment management

The off-office auditing of natural resource assets of leading cadres of TNP was completed.

The investigation and publication of the region’s water, grassland, wetland, and forest resources in
the region were completed.

The integrated confirmation rights registration of water, forests, mountains, grasslands,
wastelands, and mudflats resources of TNP were completed.

Ecological protection works were implemented to achieve large-scale ecological restoration.

TNP continuously increased the strength of enforcement and community popularization, raising
the conservation awareness among community residents.

A “sky-ground-air” monitoring platform was established, and the number of monitoring points
was significantly increased.

Community management

TNP implemented a community eco-guard system, and improved the grant funding reward and
performance appraisal mechanisms.

A livestock insurance fund was established, and the accident compensation system
was implemented.

TNP carried out franchise management and drove herders to participate in ecological
experience work.

Popularization and education

TNP adopted three strategies of science popularization: designing and using image logos,
organizing various science popularization activities based on anniversaries and special festivals,
and creating and publishing diversified science popularization works.

TNP authorized Mado Yunxiang Nature Tours Company to carry out ecological experiences in the
Yellow River Zone. By managing visitors strictly and conducting a booking and assessment
mechanism, the ecological experiences achieved good results.

The TNP management authority conducted environmental education activities for the
community residents.
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3. Results
3.1. Analysis of Single Management Capacity

We applied the BPB method to evaluate the management capacity of TNP in 2017 and
2021, respectively. Table 5 shows the scores of each management capacity of TNP in the
two years.

Table 5. Scores of single management capacity of TNP in 2017 and 2021.

Scores
Criterion Indicator
2017 2021
Management organization 69.52 92.62
Institutional construction Management team 76.38 84.30
Management planning 66.76 89.04
Financial support 71.87 85.06
Legal system construction 65.13 87.46
Guarantee mechanism Scientific research support 75.81 83.82
Multi-stakeholder participation 62.52 77.64
Audit mechanism 69.14 89.42
Natural resources inventory 53.95 85.38
Natural resources and Natural resources Co.nﬁrmatlon 51.87 88.18
ecosystem management and registration
Ecosystem restoration 69.53 90.02
Monitoring and early warning system 66.33 73.36
Community organization construction 52.33 74.24
Community management Resident participation 69.07 83.96
Ecological compensation scheme 69.67 76.62
P larizati q Recreation management 53.43 64.22
opu danzat} onan Science popularization 68.52 89.58
education Environmental education 66.33 77.30

From Table 5, we can see that the scores of each management capacity of TNP were
generally lower in 2017 compared with those in 2021. Among the 18 management capacities,
only the management team and scientific research support, scoring 76.38 and 75.81, reached
a good level; the four management capacities, namely natural resources confirmation and
registration, community organization construction, recreation management, and natural
resources inventory, were relatively poor, with scores of 51.87, 52.33, 53.43, and 53.95; and
the remaining 12 management capacities were at a regular level (Figure 2). This indicates
that the interviewees generally considered that the management capacities of TNP in
2017 were insufficient, and only the management teams and scientific research support
were satisfactory.

The scores of each management capacity of TNP were generally higher in 2021 than
those in 2017, with no management capacity performing poorly. Among the 18 man-
agement capacities, the management organization and ecosystem restoration reached an
excellent grade with scores of 92.62 and 90.02, respectively; the three management capac-
ities of recreation management, monitoring and early warning system, and community
organization construction were relatively weak, with scores of 64.22, 73.36 and 74.24; and
the remaining 13 management capacities were of a good grade (Figure 3). This suggests
that the interviewees were generally satisfied with the management capacities of TNP in
2021, especially for the management organization and ecosystem restoration, while they
considered the performance of recreation management, monitoring and early warning
system, and community organization construction slightly inferior.
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Figure 2. Grades of single management capacity of TNP in 2017.
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Figure 3. Grades of single management capacity of TNP in 2021.

By comparing the single management capacity between 2017 and 2021, we can see
that all management capacities of TNP improved over the past four years. The most
significant improvement is found in the management capacity score of natural resources
confirmation and registration, which raised from 51.87 to 88.18, with an improvement
of 70.00%. The management capacities of natural resources inventory and community
organization construction also increased considerably. The management capacity score of
natural resources inventory improved from 53.95 in 2017 to 85.38 in 2021, with an increase of
58.26%. The management capacity score of community organization construction increased
from 52.33 in 2017 to 74.24 in 2021, showing an improvement of 41.87%. The scores
of the other four management capacities increased by more than 30%, which are legal
system construction (34.29%), management planning (33.37%), management organization
(33.23%), and science popularization (30.74%). A minor improvement is found in the
ecological compensation scheme, with the score increasing by 9.98%. Furthermore, three
management capacities increased by less than 15%, namely, the management team (10.37%),
scientific research support (10.57%), and monitoring and early warning system (10.60%).
This indicates that the interviewees felt that the management capacities of TNP improved
to different degrees in many aspects after four years of development. They considered
that the TNP significantly improved most of the management capabilities. In contrast,
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the improvement in the management capabilities of the ecological compensation scheme,
management team, scientific research support, and monitoring and early warning system
is slightly less noticeable.

3.2. Analysis of Comprehensive Management Capacity

By adding up the weighted score of each indicator, we obtained the scores of the man-
agement capacities of TNP in the five aspects, and further, we got the comprehensive score.
Table 6 shows the management capacity scores in different aspects and the comprehensive
management capacity scores of TNP in 2017 and 2021.

Table 6. Comprehensive management capacity scores of TNP in 2017 and 2021.

Institutional Guarantee Natural Resources and ~ Community  Popularization Comprehensive
Construction Mechanism  Ecosystem Management Management and Education Management Capacity
2017 71.84 69.69 59.12 62.18 61.86 67.86
2021 88.29 84.79 84.40 77.74 74.95 84.96

The comprehensive management capacity score of TNP was 67.86 in 2017, which was
a regular grade. The scores of the management capacities in the aspects of institutional
construction, guarantee mechanism, natural resources and ecosystem management, com-
munity management, and popularization and education were 71.84, 69.69, 59.12, 62.18, and
61.86, respectively. The management capacities of TNP in the five aspects were relatively
balanced in 2017, of which the natural resources and ecosystem management got the lowest
score, but was close to the regular grade, and the other four were all at the regular grade.

The comprehensive management capacity score of TNP was 84.96 in 2021, ranking at
a good grade. The scores of the management capacities in the five aspects were 88.29, 84.79,
84.40, 77.74, and 74.95, respectively. The strengths and weaknesses in the management
capacities of TNP in 2021 were apparent. The institutional construction had the best
performance, scoring close to the excellent grade, while the capacity in popularization and
education was inferior, only ranking at the regular level.

By comparing the comprehensive management capacities between 2017 and 2021, we
can see that the management capacities of TNP in all five aspects enhanced significantly
over the past four years. The largest improvement is found in natural resources and
ecosystem management, with its score rising from 59.12 to 84.40, showing an increase
of 42.76%, and the grade rising from poor to good (Figure 4). The other four aspects all
increased by more than 20%, of which the institutional construction, guarantee mechanism
and community management increased from regular to good, and the popularization and
education also immediately reached the good level. Specifically, the capacity of community
management also improved over the past four years, with its score rising from 62.18 to
77.74, showing an increase of 25.02%. The score of institutional construction was the highest
in both years, which raised from 71.84 to 88.29, with an increase of 22.90%, indicating that
institutional construction plays a vital role in improving the management of TNP. The score
of the guarantee mechanism of TNP raised from 69.69 in 2017 to 84.79 in 2021, showing an
improvement of 21.67%. The score of popularization and education scores rose from 61.86
to 74.95, with an increase of 21.16%. As a result, the comprehensive management capacity
score of TNP increased by 25.20%, with the performance pulled up from a regular grade to
a good grade.
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Figure 4. Grades of the comprehensive management capacities of TNP in2017 and 2021.

4. Discussion
4.1. The Beneficial Experiences from TNP's Management

All management capacities of TNP improved over the past four years. However, the
reasons behind these improvements vary. Analyzing the reasons behind these improve-
ments will help clarify the critical factors for increasing TNP’s management capacities and
thus provide management suggestions for other national parks.

Several management capacities achieved significant improvements, namely natural
resources inventory and natural resources confirmation and registration, with scores increas-
ing by 70.00% and 58.26%, respectively. This is highly due to the significant advancement
in relevant work, such as resource surveys, unified verification, and registration. During
the pilot period, the background situation of natural resources in TNP was thoroughly
investigated, and their rights were uniformly confirmed and registered. In addition, TNP’s
capacity in community organization construction improved greatly, showing an increase of
41.87% in the score. With the appearance of community inquiries and supervision cards,
residents gradually participated in the management of TNP, which may account for the
significant enhancement of this management capacity. The capacity of audit mechanism
also increased by 29.33%. This is mainly because of the completion of the off-office auditing
of natural resource assets of leading cadres. It is demonstrated that the orderly implementa-
tion of related work is a vital way to improve the management capacities of national parks,
especially in natural resources and ecosystem management.

Five management capacities increased to a certain degree because of the effective man-
agement measures taken by TNP. For example, the score of the legal system construction
increased by 34.29%. In the absence of high-level legislation for national parks in China,
such a marked improvement is partly due to the fact that a team of legal advisers provided
strong support for the development of the regulations of TNP; and it is partly because
an efficient and independent enforcement team ensured the implementation effectiveness
of the regulations [33]. The score of the management plan increased by 33.37%. After
analyzing relevant data and information, we argue that the reasons are multifaceted. Firstly,
the overall plan of TNP was effectively implemented after the standardized preparation,
validation, and approval, and it is now subject to third-party evaluation. Secondly, the
social feedback and supervision mechanism for the planning of TNP is greatly improved.
Thirdly, the sources of the three rivers were included after TNP was formally certified as a
national park, so the boundaries of TNP were perfected in ecological integrity. This laid the
foundation for more scientific and rational planning for TNP.

97



Land 2022, 11, 1565

TNP’s capacity in management organization greatly improved, with the score in-
creasing by 33.23%. This is mainly because the management authority of TNP integrated
related departments of the four counties within its boundary during the pilot period. The
bureau for eco-environment and natural resources management and the bureau for natural
resources and environmental enforcement were established in 2016 [34]. This realized the
unified and efficient law enforcement of natural resources and environment in TNP and
solved the problems of overlapped management, different standards, and cross functions
to a certain extent. The score of science popularization is also raised, showing an increase
of 30.74% in four years. There are three reasons for this: firstly, the image logo was put
into use, letting more people know about TNP; secondly, a series of popular science works
were created, spreading the values of TNP to the general public; and finally, a variety of
publicity activities were carried out for local communities, raising their awareness of con-
servation. The score of ecosystem restoration also increased largely, with an improvement
of 29.47%. Firstly, TNP already took measures to guide the behaviors of the residents,
which raised their awareness of environmental protection effectively and reduced the
ecological damage by residents fundamentally. Secondly, relying on large-scale ecosystem
restoration projects with adequate investment, the ecosystem restoration of TNP achieved
considerable progress.

4.2. The Deficiencies in TNP’s Management Compared with Best Practices

Some management capacities of TNP, such as ecological compensation scheme, man-
agement team, scientific research support, and monitoring and early warning system,
improved slightly in the past four years. The reasons are multifaceted. Exploring the
factors for the slight improvement of these capacities can provide reasonable suggestions
for improving TNP’s management strategies and measures.

The score of the management team ranked first in 2017, but the improvement was
only 10.37% over the past four years. The slight improvement was perhaps caused by
the minor change in the quantity or quality of the management team in those four years.
Firstly, the number of management staff did not increase significantly. Although TNP has
the largest number of staff among the ten national park pilots, the area managed by each
person in TNP is also the largest [35], which means that each person in TNP has more to
do in a given time. With the adjustment of the boundary, the total area of TNP expanded
by nearly half, so the workload of each person is even greater. Secondly, the number of
management staff who have professional skills in grassland protection, as well as flora
and fauna monitoring is still small. With the inclusion of river sources into TNP, more
issues concerning zoning and management are brought about, requiring more professional
teams to manage. To cope with the increased intensity and difficulty of management, we
suggest that TNP further strengthen the management team by increasing the number of
management staff and improving the quality of the professional team.

The score of scientific research support ranked second in 2017 while only increasing
10.57% during the past four years. As an area with the most concentrated plateau biodiver-
sity and the most sensitive and fragile ecosystem, TNP attracted many scholars to conduct
scientific research and produce fruitful scientific results. This is probably the reason why
this capacity was outstanding in 2017. During the past four years, TNP formed a special-
ized research institution, signed cooperative agreements with other research institutions,
actively participated in academic conferences and exchanged management practices with
other PAs. However, due to a lack of systematic organization, transformation, and applica-
tion of research results, these research practices are yet to fully exert the function of scientific
research support, only bringing a slight increase to the related management capacity. In
the future, TNP should strengthen the transformation and application of existing scientific
research results and improve the relevance and applicability of subsequent research results.

The management capacities in ecological compensation scheme and monitoring and
early warning system were under performing in both years. The score of ecological com-
pensation scheme showed the slightest improvement of 9.98% during the past four years.
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The eco-guard system is the main ecological compensation policy of TNP. With the num-
ber of eco-guards selected from communities expanded and the management mechanism
improved, the capacity in ecological compensation scheme improved to a certain degree.
However, two factors might limit the large improvement in this capacity Firstly, the range
of compensation is enormous, while the funding is still deficient. As an area with more
prominent ecological functions, TNP does not have much higher compensation standards
than other areas, which results in the low motivation of protectors. Secondly, the existing
compensation scheme is still imperfect [36]. The residents in TNP live in the upper reaches
of the three rivers, and make sacrifices for the downstream areas, but they are not com-
pensated by the downstream beneficiaries. To this end, we suggest that TNP seeks more
funds from society and the market besides transfer payments from the central government,
and establish a horizontal ecological compensation system for the watershed to solve the
relationship of upstream conservation and downstream development.

The score of monitoring and early warning system only increased 10.60% in the past
four years. Although the establishment of the Ecological Data Center improved the capacity
of TNP in monitoring environmental elements, wildlife distribution, and ecosystem disas-
ters, there are still several deficiencies in the management and utilization of monitoring
data when compared with the best practices. For example, the data from different sources
lack a unified storage and management mechanism, and the data are not fully shared with
the public. International experiences show that effective data management and utilization
are essential for national park monitoring. For example, all standards, background data,
and monitoring data in Canada are recorded in the Information Center on Ecosystems
Database [37]. In the U.S., the 32 networked eco-region units are required to regularly
publish a series of resource summaries, data summary briefs, technical reports, trend anal-
yses, and synthesis reports on the web [38]. Therefore, we suggest that TNP strengthen
the management of the Ecological Data Center, including enhancing the collection of data
from different sources, improving the organization and collation of data, and facilitating
the transformation and integration of data.

Furthermore, some capacities, though increasing greatly in scores, still need further
improvement. Take the capacity in community organization construction as an example.
Although its score has increased significantly in the past four years, the construction of
community organization still has gaps with the best practices, mainly due to the low
participation of community residents in national park management decisions. One good
practice comes from the Kakadu National Park and Parks Australia where the world’s first
community co-management agreement was signed in 1978 by residents. Since then, they
established a National Park Management Committee with shared decision-making pow-
ers [39]. Another good practice is found in the Republic of Macedonia, where community
residents became a more influential group in the management of national parks through the
involvement of NGOs in environmental protection, educational seminars, field trips, and
information dissemination [40]. Therefore, we suggest TNP increase the ways of residents’
participation in park management, adopt residents’ recommendations more fully, hold joint
meetings regularly, and make consultation widely when making management decisions.

4.3. Strengths, Weaknesses and Applicability of the BPB Method

The BPB method is tested and validated in this research, and its application in TNP
shows that the evaluation results can reflect the actual changes in management capacities.
For example, TNP is significantly improved in institutional construction and natural
resources and ecosystem management, and slightly improved in guarantee mechanism,
community management, and popularization and education on the whole. It provides a
rapid and accurate way for comprehensive management capacity evaluation of TNP and
visualizes the management states of TNP in the form of evaluation scores. It also shows the
management performance of TNP in the five aspects of institutional construction, guarantee
mechanism, natural resources and ecosystem management, community management,
and popularization and education. Applying the BPB method achieves a comprehensive
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diagnosis of TNP’s management capacities and identifies the gap between its management
status and the international best level. The comparison between the two years reflects the
changes in the management capacities of TNP directly. The comparison and analysis of the
evaluation results can help explain the reasons behind the changes and provide a reliable
basis for improving TNP’s management strategies. It is demonstrated that the BPB method
can reveal the changes in the management capacities of national parks well and reflect the
impact of various management measures on management capacities to a certain extent.

Compared to the existing MCE methods from international programs, the BPB method
has broader adaptability. This adaptability is reflected in the indicator system, scoring
method, and evaluation form. Firstly, the indicator system comes from a systematical
summary of national park management experiences in different countries, which is well-
rounded and applicable worldwide. In contrast, the indicator system proposed by The
Parks in Peril Program only covers four aspects: conservation action, long-term manage-
ment, financial support, and local guarantee, and lacks attention to conserving natural
resources and ecosystems. Secondly, the BPB method uses a benchmark approach to invite
interviewees to score each indicator, which improves the anchoring mechanism of the
evaluation. Finally, compared with the objective quantitative evaluation with a long period
and large resource input, the BPB method has a straightforward evaluation and a simple
results processing process, which has advantages in timeliness and low investment. In
addition, when applying this method to evaluate each indicator, we can compare the cur-
rent management states with international best practices and provide feedback on current
management measures to further improve management capacities.

The BPB method also has certain shortcomings. Firstly, this is a subjective evaluation
method that relies on participants’ judgment. Several studies suggest management evaluations
that rely on expert knowledge and qualitative judgment may be more accurate than those
relying on quantitative data or a mix of data types [41,42]. However, as the quantity and
precision of national park monitoring data improves, it will become a future demand to
explore accurate evaluation based on ecological monitoring results as evidence. Therefore, the
BPB method and the objective quantitative evaluation can be used jointly and complement
each other. Secondly, the evaluation indicator system is only two-leveled, which does not fully
reflect every aspect of the national park management. How to refine the evaluation indicator
system and measure the management capacity of national parks in an all-round way became
the focus of future research. It should be noted, when designing the indicator system and
setting the standards, we should consider the conservation needs and management objectives
of a specific type of PA, and then make adjustments accordingly.

5. Conclusions

This research follows the BPB method and selects TNP, China’s first national park
system pilot and one of the first batch of national parks, as the case study. By evaluating
the management capacity in 2017 and 2021 respectively, the changes in the management
capacity of TNP during the pilot period have been explored and the appropriateness of
related management measures has been revealed. Some management capacities, such as
legal system construction, management planning, and natural resources confirmation and
registration, performed well or improved significantly during the pilot period, providing
beneficial lessons for other national parks in China. Some management capacities, such as
ecological compensation scheme, monitoring and early warning system, and the manage-
ment team, are still lacking and should be prioritized for future improvement. The BPB
method is tested and validated in this research, showing a potential to be promoted to other
PAs in China and even other countries. Not only is the effectiveness and operability of this
method confirmed in this research, but its contribution to the theoretical improvement of
MCE methods is also demonstrated.
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Abstract: In a national park master plan, functional zoning plays a key role in developing differenti-
ated zoning controls that achieve multiple park construction objectives. In this study, a geographical
attribute code and basic zoning elements are developed for the proposed “Ailaoshan-Wuliangshan”
National Park, followed by the development of spatial multi-criteria sets and weight sets to determine
the suitability of the land. Next, we use a clustering algorithm and conflict unit prioritization to allo-
cate space for multi-target units to get the preliminary zoning schemes, and then identify stable units
and unstable units through sensitivity analysis. Ultimately, the functional zoning of the National Park
was determined. According to the results, the proposed “Ailaoshan-Wuliangshan” National Park can
be divided into nine types of 164 landscape units; the highest land suitability values of each zone
showed the traits of differentiation and aggregation in spatial distribution; there are 97 stable units
and 67 unstable units; approximately 62.83% and 37.17% of the total park area can be divided into
core conservation area (primary sensitive area and secondary sensitive area) and general control area
(ecological activity area and ecological control area). By implementing a comprehensive assessment
and decision-making process, the defined functional zones are precise and simple to recognize on
the ground, and they adhere to the area proportions needed by national standards. Furthermore,
the functional zoning is clustered, which avoids the fragmentation of the zoning results causing
difficulties in management, and serves as a point of reference for the functional zoning approaches
used in other proposed national parks in China.

Keywords: national park; functional zoning; landscape unit; multi-criteria decision analysis

1. Introduction

In 2019, China put forward a policy to establish a system of nature reserves with
national parks as the mainstay, and thus, the development of national parks in China has
entered a new period [1]. According to the latest standards for establishing national parks
in China, the main purpose of national parks is to protect natural ecosystems and to achieve
scientific conservation and rational use of natural resources [2]. Worldwide, zoning designs
are commonly used in order to balance conservation and development needs while making
sure that integrated service functions of national parks can be fully realized [3], but the
designs vary widely and have their own characteristics depending on the conflict between
conservation and exploitation. For example, the United States has adopted a traditional
zoning model with more refined sub-zones under each type of functional zoning to enhance
management [4]. Germany’s zoning plan embodies the idea of dynamic zoning [5]. New
Zealand’s national park zoning plan adopts a management zoning and special zoning
approach [6]. Japan’s national park zoning has a distinction between reflecting special areas
and general areas [7]. According to the current planning and zoning scheme of China’s
national parks, they are generally divided into two control zones based on the protection
level, core conservation areas and general control areas [8]. Some of the pilot national parks
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will, on the basis of the above-mentioned control zones, also carry more specific functional
zones on the basis of the division of core areas, buffer areas, and experimental areas of the
original types of protected areas [9].

Since 1983, foreign countries have put forward the concept of zoning and ideas and
some basic principles and steps for the functional zoning of national parks. With the rapid
development of national parks, the combination of qualitative and quantitative research
on the functional zoning of national parks is becoming increasingly closer. Scholars from
many countries have explored the construction of functional zoning evaluation index
systems from both natural and social perspectives, such as ecological conservation perspec-
tive, Recreation Opportunity Spectrum (ROS), ecosystem health evaluation, stakeholder
perspective, resource type or landscape type perspective, and animal behavior [10-15],
and a variety of quantitative methods have been used for development planning and
management implementation plans for national parks, including GAP analysis, landscape
suitability assessment, spatial overlay, multivariate analysis, habitat distribution models,
and condition value assessment methods [16-23]. The relevant functional zoning methods
in China are currently diversified, but there are problems such as vague method descrip-
tions, often unclear methods for graded zoning, and a lack of intuitive and operable zoning
methods [24]. It is not conducive to the implementation of refined zoning controls. Thus, it
is imperative to strengthen research on zoning methods for national parks.

Decisions about the functional zoning of national parks require the assessment of
multiple land attributes against multiple objectives, which are inherently conflicting. In
DSS (decision support systems), MCDA (Multi-Criteria Decision Analysis) is a method
of comparing alternative courses of action based on multiple factors and identifying the
most optimal path forward [25,26]. These methods employed include structuring decision
problems, performing sensitivity analyses, increasing transparency, and enhancing the
visual representation of results [27]. By using a multi-criteria decision analysis process,
alternatives can be compared based on a set of clear criteria addressing the most relevant
factors. Geneletti and Duren (2008) used MCDA for land suitability evaluation and com-
pleted an optimal adjustment of natural park zoning schemes through cluster analysis [22].
Randal et al. (2010) used MCDAS (a custom software application integrating GIS and
MCDA) for management planning studies in forest landscapes [28]. Bereket et al. (2016)
combined MCDA with GIS and developed a spatial zoning method for multipurpose
marine protected areas through stakeholder consultation [29]. All of these studies men-
tioned above need to address the question of how to achieve optimal decision making
in the context of spatial planning, with multiple objectives. As Linkov et al. argue [27],
Multi-criteria decision analysis is well suited to participatory settings involving different
objectives and different stakeholders. Therefore, this method is highly beneficial when
applied to spatial planning.

In this study, MCDA is combined with GIS and applied for hierarchical functional
zoning, using the proposed “Ailaoshan-Wuliangshan” National Park (AWNP) as an exam-
ple. These areas cover a wide range of potentially conflicting conservation or identification
targets with complex relationships. In the methods section, we explain the method of
identifying landscape units and how to build up a set of evaluation criteria and combine
them with stability tests to complete the assignment of landscape units. In the results
section, we show the final scheme of the first-level zone and second-level zoning, reflecting
the concept of refined and differentiated hierarchical zoning, alleviating related conflict
issues and better balancing nature conservation and regional development. It is hoped
that this will provide a reference for other national parks, especially those with a relatively
fragmented spatial distribution, in terms of functional zoning methods.

2. Materials and Methods
2.1. Study Area

The proposed “Ailaoshan-Wuliangshan” National Park (AWNP) is located in the cen-
tral part of Yunnan Province, which is the southern extension of the Hengduan Mountains
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and is in the area where four states (cities), namely Pu’er City, Yuxi City, Chuxiong Yi
Autonomous Prefecture and Dali Bai Autonomous Prefecture, are connected. It is based on
the results of the Yunnan Provincial Nature Reserve Consolidation and Optimization Plan
carried out in 2020, which covers two national nature reserves, namely the Ailao Mountain
National Nature Reserve and the Wuliang Mountain National Nature Reserve, as well as a
number of provincial reserves and nature parks. From 2020 to 2022, the Yunnan Provincial
Government commissioned the Kunming Branch of the Chinese Academy of Sciences and
other institutions to conduct several scientific investigations and feasibility studies on the
proposed AWNP, and completed the project declaration. The proposed AWNP’s spatial
distribution, unlike many national parks, tends to be linear and more fragmented, covering
1537.33 km? in total. Ailaoshan, Wuliangshan, and Konglonghe are the three areas of the
park, while an ecological corridor links Ailaoshan with Wuliangshan (Figure 1).
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Figure 1. The study area location.

The proposed AWNP is rich in natural resources and is an invaluable corridor for
tropical to temperate transitions, species migration and gene exchange in mainland Asia. It
is one of eight migratory routes for migratory birds worldwide. This area is characterized
by a high diversity of species, including 12 species of national class I protected animals,
represented by the eastern black crested gibbon (Nomascus nasutus). It is also the main
distribution area for eastern black crested gibbons in the world, holding over 90% of the
extant population. There are also four national Class I protected plants in the proposed
AWNP, and the forest preserves the largest area of montane evergreen broad-leaved forest
in the subtropical region of China. The proposed AWNP region is rich in cultural resources,
such as the Ancient Tea Horse Road, where the long-standing tea culture contributed to
the economic development and cultural exchanges in ancient China. When the boundaries
of the proposed national park were delineated, the villages in the area were divided on
the periphery of the boundary, where ethnic groups such as the Yi, Hani and Yao live,
creating a diverse ethnic culture. The proposed AWNP is, therefore, of great conservation
and research value.
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2.2. Data Sources and Processing

The data collected in this study mainly includes geographic information data, remote
sensing image data and related textual information, as follows: land-use vector data (from
the Second National Land Survey), soil-type vector data (from the World Soil Database,
HWSD), vegetation cover-type vector data (from the Yunnan Provincial Forest Resources
Class II Survey), and endangered animal habitat-range vector data (provided by the South-
west Forestry University team) within the proposed AWNP and its surrounding areas.
Satellite imagery, DEM grid data, and vector data such as water system waters, settle-
ments, tourist attractions, roads, traffic service points, and leisure and recreation points are
downloaded through Bigemap GIS Office software. The vector boundary of the proposed
national park is provided by the Kunming Branch of the Chinese Academy of Sciences.
The textual material, including the AWNP construction proposal and other related drafts,
was provided by the Yunnan Forestry Research and Planning Institute and the Southwest
Forestry University team. The existing data was subsequently updated through the local
Forestry and Grassland Bureau in collaboration with the Natural Resources Bureau and
in conjunction with field research. In order to keep the relevant raster data consistent, all
raster data was resampled to an image size of 30 m x 30 m for subsequent analysis.

2.3. Methods

We defined three zones for the analysis process in order to simplify the subsequent
process and determine the final scheme: Zone A (core conservation areas), Zone B1 (ecolog-
ical activity areas), and Zone B2 (ecological control areas), which are based on the Chinese
“two-zone system” (core protection zone and general control zone). Specifically, Zone
A is a first-level zone, which, in the final scheme, will be specifically divided into two
second-level zones, primary sensitive areas and secondary sensitive areas. On the other
hand, the B1 and B2 zones are secondary subzones under the general control zone. This is
due to the more complex and multi-purpose nature of the general control area. By doing
so, the secondary zoning plan for the general control zone can be made more accurate.

The methodology of this thesis consists of five stages (Figure 2). Firstly, the proposed
AWNP area is divided into landscape units of the same nature. In phase two, a spatial
multi-criteria analysis was carried out to complete the land suitability evaluation of the
park. In the third phase, the spatial multi-target unit allocation is carried out, the conflicting
units are identified and redistributed, and the preliminary partition results are generated.
In the fourth stage, the stable and unstable units are identified through sensitivity analysis
tests. Finally, the allocation of unstable units is completed and the first-level zoning and
the second-level zoning are finalized.

2.3.1. Landscape Unit Delineation

Typically, a landscape unit (land unit) is defined as an area with similar geographical
characteristics [30], such as topography, land use type, soil type, etc. As a parcel of land
within a small and homogeneous geographical scale, rather than based on administrative
or land-use boundaries. Consequently, landscape units of the same type were used as the
basic zoning elements for this study.

Firstly, the four raster data of slope classification, elevation classification, land-use
type and soil type were overlaid and processed using ArcGIS and ENVI to update the
attribute codes (Table 1). A preliminary raster map of landscape units with both natural
and socio-economic attributes was generated, comprising a total of 15,057 landscape units
of 113 types. With too many landscape units the zoning results may be too fragmented,
making the zoning scheme unreasonable and difficult to manage [31]. Therefore, we
combine landscape units smaller than 100 hectares with the most similar neighboring units.
This is supplemented by visual interpretation of remote sensing images to check and correct
the boundaries of the landscape units. Ultimately, the proposed AWNP was divided into
nine types of landscape units totaling 164 (Figure 3).
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Table 1. Landscape unit attribute coding.

Data Type Classification Code Data Types Classification Code

537-1312 m 1 3-10% 1

1312-1912 m 2 10-25% 2

. Slope o

Altitude 1912-2337 m 3 25-50% 3
2337-2628 m 4 50-100% 4

2628-3348 m 5 Arboreal forest 01

Lvg 01 Construction land 02

LVk 02 Cultivated land 03

LVj 03 Temporary land use 04

PZg 04 Immature forest land 05

PDd 05 Land use Water area 06
Soil CMd 06 type Shrub land 07
GlLe o7 Barren hills and 08

wasteland

CMx 08 Unused land 09

CMc 09 Harvested land 10

LVh 10 Open woodland 11

GLu 11

Notes: 110101: Indicates tree woodland of type 537 m-1312 m above sea level, with a slope of 3-10% (gently
sloping land) and a soil type LVg. Altitude classification: Divided into 5 levels according to the natural breakpoint
method. Soil classification: The soil classification system used is FAO-90.
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Figure 2. The technical flowchart of this study.
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Figure 3. Landscape unit map for the proposed AWNP.
2.3.2. Spatial Multi-Criteria Analysis

To evaluate the relevance of different landscape units to different functional zones,
two types of criteria, biotic and abiotic, need to be developed [32]. As Zone A is dominated
by strict protection, the assessment of this zone is only relevant to ecological protection. As
for Zone B1, it is dominated by landscape resources and distinguishes between agricultural
landscapes with tourism value and areas within the proposed AWNP that are adjacent to
tourist attractions. Unlike Zone B1, Zone B2 uses artificial facilities that have the greatest
human impact for assessment. It focuses on the areas with the greatest human impact and
requiring controlled restoration. To assess land suitability in each of the different zoning
districts, three criteria were identified through consultation with experts (Table 2). Then,
MCDA is used to group these criteria into suitability indices, which are assigned to each
mapping unit for subsequent spatial multi-criteria analysis. We convert the suitability
index from its original unit to a uniform and ordered value scale, scoring the criteria in
descending order (1 to 5) [33], a step known as standardization [32]. In this process, the
habitat index in Area A was graded according to the type of vegetation cover. As eastern
black crested gibbons and other national Class I protected animals in the proposed AWNP
area mainly inhabit evergreen broad-leaved forests, the evergreen broad-leaved forests were
rated the highest suitability index (5 points), and other vegetation cover types were graded
in descending order according to their biodiversity conservation value. The Agricultural
Landscape Index for Zone B1, on the other hand, uses the current state of land use as the
basis for grading. Terraces are rated highest in this index. Other land types are ranked in
order of suitability, from largest to smallest, according to the degree of impact of human
activity. Except for the two standard indices above, the rest are converted into Euclidean
distance rasters based on the vector data they belong to, and their scores are inversely
proportional to their distance from vector points or surfaces [34].

The Analytic Hierarchy Process (AHP) combined with the Experts Grading Method
was used for weight evaluation [14]. Given that experts from different research directions
may have different opinions on the importance of each criterion, three different sets of
weights were determined for each group of criteria (Table 2). We conducted nine more spa-
tial multi-criteria analyses by weighted sums since ecological conservation is the primary
goal of national parks, and the core conservation area (Zone A) must be larger than 50% of
the total park area [36]. By comparing the results generated by different weight sets and
referring to relevant norms and expert opinions, weight set 1 was used for Area A, weight
set 2 was used for Zone B1, and weight set 3 was used for Zone B2. In Zone B2, weight
set 3 was selected (the proposed AWNP is intersected by a number of roads and has the
greatest impact, while the other two criteria are primarily located on the periphery of the
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AWNP). Based on these weight sets, maps of land suitability for AWNP in zones A, B1, and
B2 were determined (Figure 4).

Table 2. Criterion sets and weight sets.

Criterion Sets Zone A Zone B1 Zone B2

VT HEA RWS ATA VAL AL TSF RF R
weight sets 1 0.4 0.4 0.2 0.4 0.4 0.2 0.4 0.4 0.2
weight sets 2 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333
weight sets 3 0.275 0.275 0.450 0.275 0.275 0.450 0.275 0.275 0.450

Notes: VT = Vegetation type (Evergreen broad-leaved forest is 5 points, deciduous broad-leaved forest and
bamboo forest are 4 points, warm coniferous forest is 3 points, shrub is 2 points, and non-woodland is 1 point).
HEA = Habitat for endangered animals (Available habitat extent data are dominated by potential habitat and
are subject to further research). RWS = River water sources. ATA = Available tourist attractions. VAL = Village
architectural landscape (Mainly located on the periphery of the proposed AWNP boundary, only 2 villages are
located within the park). AL = Agricultural landscape (5 points for arable land (terraces), 4 points for planted
forest, 3 points for building land, and 1 point for other natural forest). TSF = traffic services facilities (Mainly
located on the periphery of the proposed AWNP boundary). RF = Recreational facilities (All located on the
periphery of the proposed AWNP boundary). R = Roads (According to the relevant specification [35], a straight
line distance of 1 km on both sides of the road is converted by ArcGIS into an equidistant raster).
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Figure 4. Land suitability maps for Zones A, B1, and B2.

In order to aggregate each of the three land suitability raster data into landscape units,
we used ArcGIS to generate a fishing net and calculated the average value of land suitability
in each landscape unit to obtain land suitability maps for all landscape units in Zone A,
B1, and B2 (Figure 5). Subsequently, we calculated the average between the top 50% and
the top 30% of all fishnet sites in each cell separately, in preparation for the subsequent
execution of the sensitivity analysis [22].

2.3.3. Spatial Multi-Target Units Allocation

Considering that the proposed AWNP is a fragmented spatial distribution, we use
k-means++ for the multi-target unit’s allocation. It allows for a greater concentration of
similar landscape units at spatial distances [37]. Firstly, the suitability atlas was obtained by
applying the average of all fishing net points in each landscape unit. The average between
the top 50% and the average between the top 30% were used as input elements. This was
followed by a comparison of the results of the selection of the three functional divisions.
When landscape units are selected for only one functional partition, they are assigned
directly to that partition, while units selected for two or three functional partitions and
units not selected by any partition are noted as “conflicting units” [22]. Through the above
process, three sets of conflicting analyses of landscape unit allocations based on different
mean values were completed (Figure 6).

109



Land 2022, 11, 1882

Zone A

Average
suitability value
l 1

0

0510 20 30 40km
A -

Zone B1

Zone B2 N

Average
suitability value

1
|

0

Average
suitability value

Il

0 Ry

Figure 5. Landscape unit suitability maps for Zones A, B1, and B2.

N

e
!
Select results
I ARz A
ABI B1
A e
BIB2 ~o

0510 20 30 40 km
[m -]

02

Figure 6. Landscape unit assignment conflict analysis (01, average; 02, average among best 50% cells;
03, average among best 30% cells).

Due to the fact that the land suitability maps, to which the three sub-areas belong, are
based on different criteria, it is not possible to directly compare their base suitability values.
Thus, by converting the base suitable values for each landscape unit to ordinal suitable
values, they are made comparable. Since ecological conservation is the primary objective
of the National Park, there is a need to balance the cultural and historical landscape
with regional development coordination. Therefore, in the priority ranking, Area A has
priority over Areas Bl and B2, and Area B1 has priority over Area B2. The allocation of all
conflicting units is accomplished by successively meeting the needs of the higher objectives
and then removing the needs of all remaining objectives [38]. After that, we obtained three
preliminary zoning schemes (Figure 7).

By comparing the three zoning schemes, the sensitivity analysis of all landscape units
was carried out, and it was found that the stable and unstable units, that is, landscape units
that were not affected by the polymerization method at the time of partition distribution,
participated in the landscape units of the zoning to which the polymerization method
changed. As the protection of endangered wildlife is one of the most important objectives
of the proposed AWNP, in order to determine the final zoning scheme, the unstable units
containing the landscape units selected for Zone A were first overlaid with the potential
habitat areas of endangered animals represented by the eastern black crested gibbon,
and subsequently, the landscape units containing the intersecting parts of the two were
assigned to Zone A, while the other unstable units were assigned to Zones B1 and B2,
thus, completing the primary functional zoning. The stable units that each zoning district
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belongs to, since they are not sensitive to changes in aggregation methods, are considered
the areas that best meet the criteria for that zoning district. Therefore, the stable units
in Zone A are classified as primary sensitive areas. The areas that were formerly part of
the conflict units and allocated to Zone A are classified as secondary sensitive areas. In
contrast, the conversion of the original cardinal suitability values of the landscape units
to ordinal suitability values has the greatest impact on zone B2, as the suitability map for
this zone is generated using vector lines (roads) with vector points (surrounding villages
and transport facilities) as standard elements. Within the proposed AWNP, the zone has
a suitability value of mostly 0, with higher values concentrated in a few narrow-banded
areas. Consequently, the values become smooth when aggregated to the landscape unit
to which the overall suitability mean is applied. However, they become prominent when
the other two aggregation methods are applied. In view of these characteristics, this study
overlays the unstable units assigned to the general control area with the suitability map
belonging to zone B2, and within each unstable unit, when the suitability value > 0.5 and
accounts for more than 50% of the area of the unit, the unit is classified as an ecological
control area (zone B2), and when the standard is not met, it is classified as an ecological
activity area (zone B1). By calculating, the remaining unstable unit allocation is completed
and the secondary functional division is determined (Figure 8).

01 02 03

>z

Tnitial zoning
A
BI
B2

0510 20 30 40km
(58—

Figure 7. Comparison of preliminary zoning schemes (01, average; 02, average among best 50% cells;
03, average among best 30% cells).
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Figure 8. 01, Sensitivity analysis test; 02, First-level functional zoning; 03, Second-level functional zoning.

3. Results and Analysis
3.1. Characterization of Landscape Units

In the Wuliangshan area, located in the western part of the proposed AWND, the
number of landscape units subdivided is small, and the units are large and relatively
intact, except in the northwestern part. The northern part of the Wuliang Mountains is a
narrower, taller section of the entire Wuliang Mountains and has a more complex ecological

111



Land 2022, 11, 1882

environment. The canyon is part of a juxtaposition formed by the recent uplift of the
mountains, disintegration of the plateau, and deep river cuts. In the other two areas, the
number of landscape units is larger. The fragmented distribution of landscape units is most
evident in the northern and southeastern parts of the Ailaoshan area and the central part
of the Konglonghe area. The north of Ailao Mountain is narrow and tight, the ground is
rugged, and the elevation is very different, and the southeast is a beaded landscape of
gorges and basins. In the middle of the Konglonghe area, there are river valleys surrounded
by high mountains, and multiple river terraces are visible (Figure 3).

3.2. Distribution Characteristics of Different Suitability Values

The highest land suitability values in Zone A are mainly found in the southeastern part
of the Wuliangshan area, the north-central part of the Ailaoshan area and the southeastern
part of the area. The first area is 1900-2700 m above sea level and the main vegetation
type is broad-leaved evergreen forest. The second and third areas are at an altitude of
2200-3000 m. The vegetation type is mainly broad-leaved evergreen forests with warm
coniferous forests, bamboo forests and shrubs. Most of these three areas overlap with
endangered animal habitats. The highest land suitability values in Zone B1 are mainly
found in the central and northwestern part of the Wuliangshan area, in the larger area in
the central part of the Ailaoshan area and in the smaller area scattered in the northern and
southeastern part of the Ailaoshan area and in the southeastern part of the Konglonghe
area. These areas contain tourist attractions and are adjacent to villages, with some areas
interspersed with complex site types. Despite the fact that land suitability values for Zone
B2 were generated from linear and point vector data, three areas stand out as being of
high suitability. They are located in a narrow area in the northern part of the Wuliangshan
area and in the southeastern and northwestern parts of the Ailaoshan area adjacent to the
ecological corridor. These areas have higher-level roads that pass through them and are
near traffic service facilities (Figure 4).

The land suitability maps for all landscape units in Zones A, B1, and B2 provide a
more visual and comprehensive comparison of the distribution of suitability values for
different criteria within the proposed AWNP (Figure 5).

3.3. Zoning Assessment

By comparing the landscape unit allocation conflict analysis diagram (Figure 6), Zone
B2 are most significantly affected after allocation using different suitability averages, as
the suitability values for Zone B2 are generated from linear and point vector data. These
values are smoothed out when the overall mean is applied to the landscape cells, but they
become prominent when other methods are applied [22]. As a result, the distribution
of conflict and non-conflict units has changed more significantly as a whole. When the
overall average is applied, the conflict cells cover 71.68% of the area within the proposed
AWNP. However, when the top 50% average and top 30% average are applied, the conflict
cells cover 35.97% and 55.94% of the area within the proposed AWNP, respectively. The
landscape units more consistently allocated to Area A are mainly located in the southeastern
part of the Wuliangshan area and the southeastern part of the Ailaoshan area, while only
small scattered landscape units are consistently allocated to Zones B1 and B2. The units
that have not been selected by any of the sub-regions and are more stable are concentrated
in two areas in the southeastern part of the Ailaoshan area. The area to the north is in the
range of 1950-3348 m above sea level, making a very big difference in height, including the
highest mountain peak in the Ailaoshan area. These two areas are far from water sources,
have less overlap with potential habitats for endangered animals, and are far enough away
from villages and tourist attractions that no roads cross them.

Comparing the three preliminary zoning scenarios for completing the allocation of
conflict units (Figure 7), the portion of the stable allocation to Zone A, in addition to the
two areas mentioned previously, is the southern part of the Konglonghe area. Most of the
area is a low mountain valley between 537-1660 m above sea level, the lowest elevation
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in the proposed AWNP, and overall, part of the Dry-hot Valley adjacent to the Red River
system. Due to the steep topography and dryness, the area is ecologically fragile with
short channels, sparse water flow, and significant seasonal changes. The portion of the
stable allocation to Zone B1 and Zone B2, with the exception of the south-central part of
the Ailaoshan area, is the higher suitability value to which Zone B1 and Zone B2 each
belong. Due to the small number of rural roads and science stations distributed in the
south-central part of the Mourned Mountains area, the suitability values for Zone B2 are
more prominently ranked when they are aggregated into larger landscape units, and are,
therefore, consistently assigned to Zone B2.

Comparing the stable and unstable units, the stable units cover 41.24% of the proposed
AWNP. In contrast, the unstable units fluctuating between zones A, B1, and B2 cover
23.29% of the park. These units are mainly located in the central part of the Wuliangshan
area, the southeastern part of the Ailao Mountain area and the northwestern part of the
Konglonghe area. These areas are where both potential habitats for endangered animals
and tourist attractions are located. The vegetation type is mainly evergreen broad-leaved
forest, adjacent to villages and roads. A total of 15% of the park consists of unstable units
that fluctuate between zones A and B1. They are mainly located in the southeastern part
of the Wuliangshan area, the central part of the Ailaoshan area, and the Konglonghe area.
Most of these units are adjacent to rivers or water sources, as well as villages and contain a
variety of land types. The unstable units fluctuating between zones A and B2 cover 17.24%
of the AWNP, and they are mainly located in the south-central and northern parts of the
Ailaoshan area, as well as in the northern scattered units of the Konglonghe area. There is a
high ecological value to these units, but they are located closer to the road. Finally, only
three units fluctuate between zones B1 and B2, which cover 3.23% of the park, the largest of
which is located in the northwestern part of the Wulianghshan area, adjacent to the village
and containing tourist attractions, but also with roads distributed about the periphery of
the unit (Figure 8).

According to the final zoning results (Figure 8), the first-level zoning includes the Core
Protection Zone and the General Control Zone. The core conservation area (Zone A) covers
an area of 965.83 km? (62.83%) and the general control area (Zones B1 and B2) covers an area
of 571.50 km? (37.17%). The core conservation area is divided into two subzones, namely
the primary sensitive area and secondary sensitive area, based on ecological sensitivity and
conservation priority. The general control area is divided into an ecological activity area
(Zone B1) and an ecological control area (Zone B2). Within the core conservation area, the
primary sensitive area covers 364.03 km?, accounting for 37.71% of the core conservation
area, and the secondary sensitive area covers 601.80 km?, accounting for 62.29% of the
core conservation area. Within the general control area, the ecological activity area covers
384.27 km?, accounting for 67.24% of the general control area, and the ecological control
area covers 187.23 km?, accounting for 32.76% of the general control area.

4. Discussion
4.1. Scientific and Innovative

Taken as a whole, although the decision analysis process in this study is cumbersome,
it is composed of a rigorous and orderly set of steps. It is possible to check and supplement
the various data layers at any time, as well as to update the settings of the different
criteria and targets. In addition, it is possible to carry out comparative analyses using
the corresponding indicators and the different weights assigned to them. These findings
confirm the assertions of Zhang et al. (2013) that this zoning method offers full flexibility
and transparency [39]. From the initial analysis, the basic zoning elements of this study
are landscape units with homogeneity, and the landscape units that complete the post-
classification treatment are sufficiently large and representative of the overall national park
space [30]. In contrast, if only grid cells are used for subsequent zoning studies, not only
is the shape single and the area fixed, but also the boundaries of the cells are not easily
and accurately identified on the ground, resulting in a final zoning scheme that is not
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suitable for practical application. In terms of intermediate processes, multi-criteria analysis
and multi-objective allocation combined with sensitivity analysis tests show which areas
are stable in the allocation process and which units need further study. It is also useful
for national park managers to take a more comprehensive look at the impact of different
criteria and prioritization on zoning outcomes. This will enable them to decide whether
more information and data need to be collected on certain aspects. Geneletti and Duren’s
(2008) approach to zoning natural parks [22], while not suggesting how to determine the
final zoning scheme, has helped us to understand the use of MCDA in conjunction with
land suitability assessment and cluster analysis. We build on this approach and further
propose how to determine the final zoning scheme and achieve a hierarchical zoning
method. According to the final zoning scheme, both primary zoning schemes conform to
the national norm of “two zones” [36] and secondary zoning schemes based on primary
zoning, which fully take into account the multi-functional nature of national parks [1] and
better balance the relationship between conservation and development.

4.2. Limitations and Future Research

From the analysis process and data: Firstly, the delineation of landscape units is
based on natural and landscape features [30]. As the criteria and suitability indices are
mainly determined by natural and landscape factors, it is reasonable to combine the
suitability indices of zones A and Bl into these landscape units, while this may not be
accurate and reasonable for zone B2, where the criteria and suitability indices are mainly
determined by other factors. Thus, this point still needs further research. Secondly, for a
more accurate land suitability assessment, existing data needs to be supplemented and
updated, especially more comprehensive and precise data on the distribution of endangered
species. Additionally, data such as pedestrian volume in the proposed AWNP area and the
carrying capacity of the tourism infrastructure need to be collected and calculated and taken
into account [40]. Furthermore, with regard to the allocation of conflict and unstable units,
there is a need for further field research and the collection of various types of data from the
relevant regions to complete the allocation of these units in a more scientific manner.

From the evaluation indicator system and zoning results: This study uses a mechanical
method that emphasizes quantification, but national parks are not only natural spaces.
If, as Hidle (2019) argues, only the state’s interest in managing and controlling natural
parks is considered at the expense of local stakeholders [41]. Then, there is a loss for both
the park and the people, which can affect the subsequent balance of conservation and
development objectives, especially for such ribbon and dispersed national parks, to the
detriment of adjacent communities and visitors coming to experience the resources of the
different geographical locations. Thus, as Eugenio et al. (2022) argue, the management of
natural spaces cannot be considered a separate issue [42]. Although indicators related to
social factors were used in this study, more social factors need to be included in other ways
for the study of zoning methods. The system of evaluation indicators is supplemented by
social surveys, for example, to increase the applicability of this method and make it more
in line with the reality of the social-ecological system. In addition, we should combine
the ROS theory with Manning’s Managing Outdoor Recreation strategies and practices
framework [43], and add secondary zoning, such as management service areas, to improve
the ease of use, generalizability, and more comprehensive and rational achievement of
zoning control in this study.

From the proposed ecological corridor: Within the ecological corridor that connects
the Ailaoshan area with the Wuliangshan area, some areas of the ecological corridor are
exposed to human disturbance due to the distribution of settlements and roads. Human
disturbance may damage the restoration of potential ecological corridors [3]. Therefore,
additional ecological corridors should be created at key locations that impede wildlife
migration. This is an issue that cannot be ignored by national park authorities and still
requires further research to address.
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5. Conclusions

This study proposes a hierarchical zoning approach to explore how national parks can
achieve finer and more differentiated zoning control and better balance conservation and
development. This multi-use zoning approach takes into account the characteristics and
conservation needs of different natural ecosystems, as well as the needs of society for the
use of national park resources. We have improved and enhanced the zoning methodology
of Geneletti and Duren (2008) [22] to further suggest how to determine the final zoning
scheme and achieve hierarchical functional zoning. It provides a theoretical reference and
methodological complement to the study of national park zoning methods. In addition, if
extended to the area surrounding the park, the land suitability analysis and multi-target
land allocation can be used to support the optimal adjustment of national park boundaries.

This method allows national park authorities and other stakeholders to understand
the process of grading zones in a clear and transparent way. It is robust and flexible, and it
is relatively easy to re-plan functional zoning even if new relevant policies are introduced
in the future or the evaluation of the importance of a factor is changed. Sensitivity analysis
helps managers, stakeholders, and the public to anticipate how well nature conservation,
community development, and construction objectives will be implemented under different
zoning scenarios, which avoids confusion in the communication process and helps park
authorities to determine whether more data needs to be collected on certain aspects. In fact,
according to our finalized first-level zone and second-level zoning scheme, it can provide a
reference for the management agencies to develop zoning control measures. For example,
in primary and secondary sensitive areas, different degrees of strict protection measures
are implemented; in ecological activity areas, routes and designated areas are planned for
ecological experience and science education activities; in ecological control areas, ecological
restoration and ecological transformation of facilities are implemented [44,45].

Nevertheless, there is room for improvement in this study, as the data currently
available is limited and there are some subjective assumptions in the planning of the
zoning process. We also need to consider more social factors. In conclusion, the zoning
method in this paper is able to combine theory with practice and hopefully contribute to
the establishment of a nature reserve system with Chinese characteristics, with national
parks as the mainstay.
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Abstract: Global urbanisation has accelerated in recent years, especially in rapidly growing coastal
cities, and the destruction of habitat and natural resources has intensified. Although much attention
has been paid to the study of habitat quality, there are still gaps in our understanding of the factors
that influence it and their interactions. In this study, the INVEST habitat quality evaluation model
and the GeoDetector model were used to construct a framework for analysing the dynamic changes
in habitat quality and their influencing factors from 1992 to 2015. Wenzhou City, Zhejiang Province,
China, was selected as the study area. The new framework extends studies on habitat quality change
to annual analysis and reduces the lag between the actual change and the mapping time. The
interactions between natural and anthropogenic factors are explored, and the effects of different types
of land use conversion on habitat quality are further discussed. The results show that: (1) During the
study period, cultivated and construction land areas in Wenzhou City increased the most, and forest
land area decreased the most. (2) Habitat quality in Wenzhou City was generally good during the
study period, but it showed a declining trend from year to year, and the distribution of habitat quality
decreased from west to east. (3) The interactions between land use change and annual precipitation
change and those between land use change and population density change have the most significant
impact on habitat quality. The conversion of forest land to cultivated land, conversion of water area
to cultivated land, and conversion of forest land to building land have the greatest impact on habitat
quality. The results of the study can provide recommendations for ecological restoration, optimal
integration of protected areas, and provide a reference for the healthy and sustainable development
of coastal regions.

Keywords: habitat degradation; LUCC; driving force; GeoDetector model; coastal city

1. Introduction

Coastal cities represent intersections between land and sea, and are characterised
by their special geographical location, differential natural resources, and good economic
foundations [1]. Land reclamation and urbanisation can have a significant impact on coastal
ecological health in terms of issues such as habitats for plant and animal communities, and
changes in soil properties [2]. Habitat quality refers to the provision of a suitable living
environment for individuals or populations in an ecosystem [3] and reflects the biodiversity
to a certain extent [4]. High quality of habitat is the basis of ecosystem services, providing
humans with significant economic benefits and cultural values [5]. However, according
to the Global Assessment of Biodiversity and Ecosystem Services, one million of the eight
million species found globally are now threatened by extinction due to human activities [6].
Comparing with inland cities, the habitat quality of coastal cities faced more pressure from
urban development and climate change [7,8] Assessment of the spatiotemporal evolution
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of habitat quality and exploration of the factors affecting its change are critical to the
construction of a regional ecological security framework [9], and to spatial and layout
planning in coastal cities.

How is habitat quality measured? Different methods are developed for the assessment
of habitat quality at different scales [10]. At a small scale, the distribution and abundance
of major species in the region are determined based on field survey data [11]. For ex-
ample, Loffler and Fartmann [12] measured regional habitat quality based on vegetation
structure, analysed the effects of grassland landscape and habitat quality on Orthoptera
insects, and proposed that improving regional habitat quality is critical to strengthening
the conservation and management of Orthoptera insects. However, it is difficult to study
all types of provinces and cities with large regional areas using this method. To extract
environmental factors at a large and medium scale, the INVEST model [13] and the remote
sensing ecological index (RSEI) [14] are usually used to rapidly evaluate habitat quality.
Many previous studies have used the InVEST model to explore the correlation between
habitat quality and land use changes in different regions [15]. However, most current
studies discuss habitat quality changes over different time periods at intervals of five or ten
years, but annual habitat quality changes have not been studied.

Although much attention has been paid to the study of habitat quality, there are
still gaps in our understanding of the factors that influence it and their interactions. The
determination of factors affecting changes in habitat quality provides the basis for the
protection of the habitat biodiversity [16], and it is important to solve certain key problems
for the promotion of habitat protection [17]. In recent studies, the influencing factors have
been classified into two groups [18]: natural factors and anthropogenic factors. Natural
factors, such as elevation, do not change significantly in the short term; however, they
indirectly limit human activities. Differences in topography, precipitation, and vegetation
distribution affect the spatial component of various habitats [19]. Anthropogenic factors,
such as population density, gross domestic product (GDP), and land use changes, are the
most direct manifestations of human activities [20]. The results of recent studies show that
land use changes are the main factor controlling changes in habitat quality [21]. However,
it remains unclear which types of land use changes have the most significant effects on
habitat quality. In real life, changes in habitat quality are due to interactions among various
influencing factors, which form a relatively complex network. The relative importance of
each influencing factor changes depending on the time, policy, and region.

Ordinary least squares regression and geographically weighted regression analysis
are the most important methods used to study the correlations between habitat quality and
influencing factors [22]. These two methods can be used to analyse the spatial heterogeneity
of similar geographical attributes and local clustering [23]. These effects can be explained
by the position, relation, and weight of spatial distance of influencing factors based on
a linear model [24]. However, these methods only involve linear interpolation and have
certain limitations, although they all are based on linear regression models [25]. In most
studies, county-level administrative units or different grid units are used, but the effects of
different influencing factors at different scales are ignored [26]. The nonlinear GeoDetector
model, which is a group of statistical methods that can be used to determine geospatial
heterogeneity and its driving forces [27], was used in this study to analyse the correlations
between changes in habitat quality and influencing factors at different scales and in different
regional zones. The advantage of the GeoDetector model is that it can analyse both
numerical and qualitative data. It can be used to determine the interactions among different
factors [28] and to quantitatively analyse the interactions between two factors [29].

Wenzhou City located in the east of Zhejiang Province, China, is a prefecture-level
city that is designated as one of the three major representative cities after the reform and
opening up of China. It has developed rapidly and is often regarded as a typical example
of the privatisation and corporatisation of Chinese cities in the context of market-oriented
reforms and open experiments [30]. However, rapid economic development often comes
at the cost of damaging the environment, putting enormous pressure on the ecological
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environment due to urban expansion, changes in land use, and uneven spatial allocation
of resources and environment. This study chose Wenzhou City as the research area and
analysed annual changes in its habitat quality and the factors influencing it, to provide
a reference for ecological environmental protection and land use in rapidly developing
Chinese coastal cities, and to promote the pace of urban transformation to encourage the
construction of the ecological civilisation of China. This study focuses on the following
questions:

1.  What is the overall habitat quality situation in the urban area of Wenzhou City?
2 How has habitat quality in Wenzhou changed from 1992 to 2015, year by year?
3. What are the main factors contributing to changes in habitat quality?

4. How do natural and anthropogenic factors interact with each other?

The aim of this study is to construct a framework for analysing the dynamic changes in
habitat quality and their influencing factors and explore interactive effects between natural
factors and anthropogenic factors on habitat quality. Based on the InVEST habitat quality
evaluation model, the annual assessment of habitat quality is conducted. In addition, the
GeoDetector model is applied in the study to explore the interaction between the factors
that influence the change of habitat quality. The continuous evaluation of habitat quality
and the effects of various factors may provide a scientific basis for the ecology evaluation in
territorial spatial planning, optimal integration of protected areas, and suggest the direction
for future planning measures and development.

2. Methodology
2.1. Study Area

Wenzhou City is on the south-eastern coast of China. It is surrounded by mountains
on three sides and faces the sea on one side. The territory is rich in natural resources and
known as ‘seven mountains, two waters, and one field’. The topography of Wenzhou City
is trapezoidal from the southwest to the northeast and the landforms can be divided into
low mountainous areas in the west, low mountainous and hilly basins in the centre, plain
and tidal flat areas in the east, and coastal island areas. The region is rich in forest resources,
with forest coverage of 60.03% [31]. The forest ecosystem is the most extensive ecosystem
type found in Wenzhou City. Wenzhou City has a dense river network and a developed
surface water system, including the Oujiang, Feiyun, and Ao rivers [32]. According to the
Wenzhou Bureau of Statistics [33], the land and sea areas of Wenzhou City are 12,083 and
8649 km?, respectively. Wenzhou City has 12 counties and districts under its jurisdiction,
with a permanent population of 9.3 million people. In recent years, Wenzhou has seen
rapid urbanisation, with the city’s gross domestic product (GDP) standing at 1.322 billion
yuan in 1978; surpassing 100 billion yuan in 2002; and reaching 687.09 billion yuan in 2020,
with rapid economic growth.

2.2. Methods
2.2.1. Description of the Habitat Quality Model

The habitat quality model was selected as the submodule of the INVEST model. Habitat
quality maps were generated by combining land use data and information about biodiver-
sity threat factors to determine the regional environmental quality [34]. Habitat quality
scores were calculated as follows:

Gz,
Qu =My (1 2% 8
ai

where Q, represents the habitat quality score of habitat pixel a in habitat type b; M represents
the habitat suitability of habitat type b; and G and K are the default model parameters,
which are 2.5 and 0.5, respectively.
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The degree of the degradation of the habitat at this location is:

E F
Gac = Z Z < e >ecieac,3u5be @)

E
e=1f=1 Yooq We

where G, denotes the habitat degradation degree of habitat pixel 2 in habitat type c; e is the
threat source for the habitat; and f is the grid of the threat source e.
The stress effect of €(ef) in grid f on the habitat in grid a is 7e:
foge =1 — GG,:;x (linear decay)

ieac = €Xp (f % Gac) (exponential decay)

®)

where G is the distance between pixel a of the habitat and pixel ¢ of the threat source; W
and Gy are the weight and maximum influence range of the threat source E, respectively;
B represents the effects of local conservation policies; and S represents the relative sensitivity
of each habitat to different threat sources.

The land-use was derived from MODIS Land Cover/Dynamics (MCD12) data [35].
The original land-use and cover classification includes six categories: agricultural land,
forest land, grassland, wetland, construction land, and other land uses, as well as 22 sub-
categories from the original spatial dataset [36]. Based on the actual situation in Wenzhou
City, six categories were used in this study: cultivated land, forest land, grassland, aquatic
environments, construction land, and bare land. Cultivated land, construction land, and
bare land were considered to be the primary habitat threat factors, because all three are
disturbed by human activities, the natural conditions of bare land, bare rock, and stony
land in Wenzhou City are poor, and bare land causes dust pollution in sunny days and
erosion in rainy days.

Information about threat sources and habitat sensitivity parameters were obtained
from Haiyan [37] and related studies and were used as input for the habitat quality module
of the InVest model (Tables S1 and S2).

2.2.2. GeoDetector Model

The GeoDetector model is composed of four detectors: factor detector, risk detector,
interaction detector, and ecological detector. In this study, the interaction and factor
detectors were used to explore the factors affecting the spatial differentiation of habitat
quality.

Factor detector

The calculation is as follows [28]:

A
x Natf,f
—1-_92= 4
q e @)
where q is the degree to which an impact factor explains the distribution of the habitat
quality; A is the stratification of the impact factors; N, and n are the habitat quality of layer
a and the whole region, respectively; and azh and ¢? are the variance of layer a and the
study area. If the explanatory power of the influencing factor q is within the range of (0-1),
the closer q is to 1, and the stronger the influence of this factor on the spatial differentiation

of the habitat quality. Otherwise, the influence is weaker.
Interaction detector

Based on the comparison of the q values of single factors, the sum of two single factor q val-
ues, and the g values of the double-factor interaction, the interaction detector can be divided into
five classes based on the highs and lows of these three values. If q(Y1NY>) < Min[q(Y1), q(Y2)],
the interaction is decreasing nonlinearly. If Min[q(Y1), q(Y2)] < q(Y1NY2) < Max|[q(Y1), q(Y2)],
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the interaction decreases linearly by a single factor. If q(Y11Y>) > Max[q(Y1), q(Y2)], the
interaction is a double-factor enhancement. If q(Y1NY2) = q(Y1) + q(Y2), the interaction is
independent. If q(Y1NY2) > q(Y1) + q(Y2), the interaction is a nonlinear enhancement.

Selection of the best GeoDetector parameters

As a spatial statistical method, the GeoDetector model analyses the correlations among
different factors based on grid data. The sizes of different aggregation areas or spatial
distribution, i.e., the scale and partition effects, must be considered to produce different
results [23]. Firstly, the effect of scale on the GeoDetector model results was analysed to
determine the best parameters. Based on previous studies, the data resolution, and research
area, five grid scales were selected: 1000 x 1000 pixel, 2000 x 2000 pixel, 3000 x 3000 pixel,
4000 x 4000 pixel, and 5000 x 5000 pixel. Secondly, different types of independent variables
were used to determine the effect of partitioning on the GeoDetector model. Different
classification methods are generally used for the discretisation of numerical independent
variables. In this study, the natural breakpoint and manual classification methods were
adapted to test and select the best model.

Selection of the spatial distribution of influencing factors

The factors affecting changes in habitat quality are diverse and complex. Based on
previous studies, the natural environment is in innate existence, and its transformation
is caused by human interference. Therefore, the effects of changes in habitat quality can
be divided into natural factors and anthropogenic factors. Based on the literature and on
existing data for the study area, six influencing factors were selected for analysis in this
study (Table 1).

In this study, the indexes that represent natural factors include the elevation, annual
mean precipitation, and normalised vegetation index. Elevation influences the composition
of the vegetation structure and indirectly affects the habitat selection of animals [38], and
thus the habitat quality. Annual average precipitation is an important factor that affects
the growth and reproduction of organisms as well as the food resources of animals and
plants [39]. The normalised difference vegetation index (NDVI) can reflect the growth status
and coverage degree of vegetation. It is the most direct method that can be used to model
the advantages and disadvantages of regional ecological environments [40]. Anthropogenic
factors include urbanisation, population density, and land use/cover change (LUCC).
Night-time light data can be used to measure the overall urbanisation intensity [41]. Rapid
urbanisation leads to a gradual imbalance in ecosystem functions [42]. The population
density reflects the distribution of the population. Where habitat quality is good, there tends
to be less human disturbance. LUCC can reflect the human economic activities and is an
embodiment of human activities [43]. The digital elevation model (DEM), precipitation, and
population density data were obtained from the Resources and Environmental Science Data
Center, Chinese Academy of Sciences (Beijing, China; http://www.resdc.cn/, (accessed
on 5 March 2021)). The NDVI data originated from the Geospatial Data Cloud (http:/ /www.
gscloud.cn/#page6, (accessed on 5 March 2021)). Night-time light data were derived from
the Chinese Long-term Series Annual Artificial Night-time Light dataset (1984-2020) [44].

Table 1. Summary of factors affecting habitat quality based on the literature and factors used for the
GeoDetector model.

Category Factors Affecting Habitat Quality, Based on the Literature Factors Used for the Geodetector Model
Topographic factors [5] Elevation
Natural factors Climate [45] Annual average precipitation changes
Vegetation coverage [46] NDVI changes from 1992 to 2015
Urbanisation [42] Changes of night-time light data from 1992 to 2015
Anthropogenic factors Population [41] Population changes from 1992 to 2015
LUCC [47,48] Land use transformation from 1992 to 2015
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2.2.3. Improvement of the Logistic Multiple Regression Model for the Analysis of
Influencing Factors
SPSS Statistics 26.0 (IBM Corp, Armonk, NY, USA) statistical software was used to
re-analyse the same data, using logistic regression model analysis. Based on sample data,
the model generates regression coefficients for each variable. The correlations between
dependent and independent variables in the model can be determined and discussed based
on these coefficients. The subordinate variables are 0 and 1, where 0 indicates no change in
the habitat quality [19]. If q is the occurrence probability of the event and the value range is
0-1, 1—q is the probability that the event does not occur, which can be calculated using a
logistic function:
Q= exp(lgo"’_ﬂlNl+,32N2+...+,BnNn)
1+exp(Bo+ P1N1 + p2Na + ...+ BuNy)

where Ny, Ny, ..., N, are factors that affect habitat quality change, such as the elevation,
precipitation, and land use change. The constants in the B, equation, that is, B1, B2, and
so forth, are partial regression coefficients of the 8, logistic regression that represent the
degree of the influence of the independent variables.

©)

2.2.4. Principal Component Analysis

Principal component analysis (PCA) is a statistical analysis method that converts
multiple indicators into a small number of comprehensive indicators [49]. In this study,
various land use changes were used as indicators for the PCA, to obtain the characteristic
roots of the matrix and corresponding variance contribution rate. PCA was undertaken
using SPSS Statistics 26.0 statistical software. Subsequently, the score of each component
factor was calculated using the linear expression and a comprehensive score was obtained
using the variance contribution rate as the weight [50]. Finally, the comprehensive score of
each principal component was converted to a percentage system and used as the evaluation
score, which more accurately reflects the effects of various land use changes on habitat
quality.

3. Results
3.1. Spatiotemporal Patterns of Land Use in Wenzhou City from 1995 to 2015

From 1992 to 2015, the proportions of forest land and cultivated land in Wenzhou City
remained high. Cultivated land and construction land areas increased slowly, whereas
forest land, grassland, bare land, and aquatic environments decreased gradually. From
1992 to 2015, the cultivated land area increased the most (77,652.98 ha). It increased rapidly
from 1992 to 2000 and remained at 57,000 ha in 2015. The construction land area increased
by 45,851.43 ha; it expanded continuously and, after 2000, the construction area increased
more rapidly (Figure 1).

The forest land area decreased to 112,313.87 ha. The forest land area decreased from
1992 to 2000 and has remained at ~560,000 ha since then. The grassland area increased to a
maximum of 35,137.44 ha in 2001, then decreased to 30,000 ha and remained at a relatively
stable level. The bare land area slightly decreased, whereas the aquatic environments
remained unchanged.

3.2. Spatiotemporal Changes in the Habitat Quality

The value range of habitat quality is (0-1). The larger the value is, the higher the
habitat suitability [41]. To explain the changes in habitat quality in Wenzhou City, the
results of the calculations of the 24 phases of the habitat quality index were divided into
five ranges: 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8—-1. The quality of the habitat was then
graded according to the following five levels: extremely poor, poor, medium, good, and
excellent. Based on these results, it was found that there is no good habitat in Wenzhou
City.
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Figure 1. Changes of the forest land and cultivated land areas in Wenzhou City from 1992 to 2015 (left
ordinate: grassland, bare land, construction land, and aquatic environments; right ordinate: forest
land and cultivated land).

The habitat quality in Wenzhou City was relatively good from 1992 to 2015. The
area of excellent habitat quality accounted for the largest proportion of the whole city.
However, the area of excellent habitat decreased from 1992 to 2003 and then stabilised at
~610,000 ha. The area of medium habitat quality increased from 406,615.78 ha in 1992 to
491,415.81 ha in 2005 and then remained at the same level. The area of extremely poor or
poor habitat quality was smaller. The area of extremely poor habitat quality increased from
37,334.59 ha in 1992 to 83,121.74 ha in 2015. During 1996, the area of poor habitat quality
sharply decreased by 2894.69 ha and reached 197.83 ha in 1997. Subsequently, the area of
poor habitat quality slightly fluctuated, but did not exceed 307.99 ha (Figure 2).
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Figure 2. Statistical chart of habitats of different qualities in Wenzhou City from 1992 to 2015.
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The spatial distribution of habitat quality in Wenzhou City considerably differs. Over-
all, habitat quality decreases from the west to the east; that is, the average habitat quality in
the inland region is better than in coastal counties and cities (Figure 3). Excellent habitat is
mainly located in Yongjia, Taishun, and Wencheng counties, followed by Longwan District
and Dongtou District. The prime quality habitats decreased in all counties and cities. The
habitats in Cangnan County, Ruian City, Yueqing City, and Pingyang County decreased
significantly. Yongjia County had a medium habitat quality. Ruian City, Yueqing City, Cang-
nan County, Pingyang County, Taishun County, and Wencheng County have experienced
rapid growth for 24 years. Ruian City rapidly grew from 1994 to 2002 and then stabilised.
In 2005, it slowly declined to the 2015 level of Cangnan County. Lucheng District, Longwan
District, Longgang City, and Dongtou District have fewer areas of medium habitat quality.
The area of poor habitat quality decreased in all counties. It declined rapidly from 1996 to
1997, especially in the Longwan District, which had the poorest habitat quality. The area
of extremely poor habitat quality increased in all counties and cities. The rate of increase
started to accelerate after 2000, and this trend was noticed particularly in Yueqing City
and Ruian City. The area of extremely poor habitat quality in the Ouhai District rapidly
increased from 2000 to 2010, ranking third after the Lucheng District. Taishun County and
Wencheng County had the smallest areas and slowest growth rates.
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Figure 3. Changes in habitat quality in Wenzhou City from 1992 to 2015.

3.3. Relative Level of Habitat Degradation

The degree of habitat degradation ranges from zero to one. The larger the value is,
the higher the habitat suitability [41]. To explain the changes in the habitat degradation
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in Wenzhou City, habitat degradation has been reclassified in GIS into five stages: little
degradation (0-0.2), mild degradation (0.2-0.4), moderate degradation (0.4-0.6), high
degradation (0.6-0.8), and extremely high degradation (0.8-1).

The land area that experienced habitat degradation in Wenzhou City was relatively
low from 1992 to 2015. The areas of little degradation accounted for the largest proportion
of the whole city. These decreased over the 24 years, whereas areas with the other four
types of degradation increased. Areas of moderate degradation grew the most rapidly. In
2015, these areas accounted for approximately ten times their area in 1992. There were
no areas with a relatively high degree of degradation from 1992 to 1995, but they began
to appear after this time. After 2004, the growth rate of areas with relatively high degree
of degradation accelerated and reached ~11,241.60 hectares in 2015. There were no areas
of extremely high degradation from 1992 to 2006. These began to appear after 2007 and
reached 902.05 hectares in 2015 (Figure 4).
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Figure 4. Statistical chart of the changes in the areas of habitat degradation in each county of Wenzhou
City from 1992 to 2015.

Coastal areas were the main areas that experienced habitat degradation in Wenzhou
City, whereas the degree of degradation of inland areas was relatively low. Areas of little
degradation were concentrated in Yongjia County, Taishun County, and Wencheng County;
there was a lower proportion of such areas in in Longgang City and the Longwan, Dongtou,
Lucheng, and Ouhai districts. The areas of mild degradation increased, except in the Ouhai
and Longwan districts. The area of mild degradation in Leqing City remained stable from
1992 to 2000 and then sharply increased. The area of mild degradation was the largest in
2015. In 1992, Pingyang County experienced the least degradation. Over the past 24 years,
its rapid growth surpassed that of many other counties and cities; it ranks second. The
areas of moderate degradation in each county and city increased by different amounts over
the past 24 years. The Ouhai District showed slow growth from 1992 to 2000 and rapid
increase from 2000 to 2007. The area of moderate degradation then slightly decreased to
10106.41 ha. After 2004, the growth rate of Ruian City accelerated. In 2012, it surpassed that
of Ouhai District. The county accounted for the largest area of moderate degradation in
Wenzhou City. After 2000, the area of relatively high degradation was zero. Subsequently,
each county and city started to grow. The Ouhai District had the fastest growth rate. It
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accounted for an area of ~5254.77 hectares in 2015. Before 2006, there were no areas of
extremely high degradation in Wenzhou City, but these increased by different degrees in
the Lucheng, Longwan, and Ouhai districts and in Yongjia County. The Ouhai District had
a rapid rate of growth; the area of extremely high degradation area was ~354.01 hectares
in 2015. Before 2011, the area of extremely high degradation in the Lucheng District was
~157.34 hectares. Subsequently, the area exceeded that of the Ouhai District and accounted
for the largest area of high degradation area in Wenzhou City (~445.16 hectares; Figure 5).
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Figure 5. Changes in areas with moderate habitat degradation in each county in Wenzhou City from
1992 to 2015.

3.4. Analysis of Factors That Affected Changes in Habitat Quality

The natural breakpoint method was used to match the natural and anthropogenic
factors with habitat quality in Wenzhou City. The results were imported into the GeoDetec-
tor model to calculate the Q value of each factor, to illustrate its influence on the spatial
distribution of habitat quality. The result shows that the Q value of each influencing factor
can be ranked from large to small as follows: land use change (0.696); elevation (0.211);
night-time light change (0.144); NDVI change (0.120); precipitation change (0.097); and pop-
ulation density change (0.068). Therefore, land use change is the key factor that affected the
changes in habitat quality in Wenzhou City. As the areas of cultivated land and construction
land in Wenzhou City has risen, the intensity of land use has significantly increased. This
increased the possibility of changes in land use type from habitat to non-habitat. The effect
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of elevation is more notable than that of other natural factors. Wenzhou City is surrounded
by mountains on three sides and the sea on one side. Landform can be divided into low
mountainous areas in the west, low mountainous and hilly basins in the centre, plain and
tidal flat areas in the east, and coastal island areas. Plains and hilly areas are conducive
to the development of human activities, whereas mountains have a higher elevation and
rugged terrain that is not conducive to human activities. The change in night-time light
ranks third. In recent years, the rate of urbanisation has accelerated, which significantly
contributed to the changes in habitat quality. The increase in the regional economic GDP
of Wenzhou City attracts migrants and promotes urbanisation. The transportation net-
works and infrastructure were significantly improved, but this increased the possibility of
a decline in habitat quality.

Analysis of the factor interactions (Figure 6) shows that when compared with single
factor interaction, the results of the interactions between each impact factor and other
factors are enhanced by varying degrees. Land use N precipitation change (0.733) and
population density change (0.730) have the largest values, followed by the land use N night-
time light change (0.723), land use elevation N DEM (0.715), and land use N NDVI (0.715).
The population density change N precipitation change (0.211) showed the least interaction.
There is a notable interaction between land use change and other factors. The land use
type significantly affected the distribution patterns of different ecosystems. In addition, the
increasing frequency of human activities led to an accelerated transformation of land use
types, which increased the ecological pressure of surrounding towns and sped up changes
in habitat quality. The interaction among anthropogenic factors was stronger than among
natural factors, although natural factors are the foundations of habitat quality; they change
slightly with weak intensity. Obvious changes in natural factors such as elevation would
not occur without the disturbance of human activities. Therefore, the pairwise interaction
among the anthropogenic factors is stronger than that among natural factors or between
natural factors and social-economic factors.
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Figure 6. Results of interaction detection of factors influencing habitat quality in Wenzhou City.

4. Discussion
4.1. Analysis of the Habitat Quality in Wenzhou City

From 1992 to 2015, the overall habitat quality in Wenzhou City was good. Habitat
quality slightly decreased from west to east. This is mainly due to the rich ecological
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resources in the western part of Wenzhou City. There are contiguous forest lands in the
western part of Wenzhou City with high forest coverage. Economic development is slower
in the western region than in the eastern region. According to Pan et al. [51], higher
habitats in Zhejiang Province are mostly concentrated in the mountainous and hilly areas of
Wenzhou City, which is consistent with the findings of this paper. In 1994, the State Council
issued and implemented the Regulations of the People’s Republic of China on Nature
Reserves [52]. In the same year, Wenzhou City council established the Zhejiang Wuyanling
National Nature Reserve in Taishun County to protect its subtropical forest ecosystem and
rare plants and animals, such as pheasants and macaques [53]. In 1997, Wenzhou City
established its first national forest park, Zhejiang Yandang Mountain National Forest Park.
By the end of 2015, the number of natural protected areas in Wenzhou City significantly
increased. It had 32 protected areas at and above the provincial level. During this period,
the forest area of Wenzhou City increased by 33,000 hectares and the forest coverage rate
increased by 20.9% [33]. Therefore, the quality of excellent habitats in Wenzhou City is well
protected, and the quality of habitats in the western region is higher than in the eastern
region. In addition, during 1995-2015, urban expansion in Wenzhou City was mainly
concentrated in urban centres and coastal areas [54], with the largest area of land occupied
by construction land, followed by forest land. The findings of our study are consistent with
previous studies mentioned above. The habitat quality in Wenzhou City has been declining
year by year in recent years, especially in coastal areas, where it is emergent to establish
protected areas or take other effective conservation measures to change the degradation
status.

4.2. Analysis of the Factors Affecting the Change in the Habitat Quality

Based on the results discussed in Section 3.3, the social and economic factors are the
key factors that have affected changes in habitat quality in Wenzhou City. Based on the
Wenzhou City 1992-2015 Yearbook [55], the land area, population, and GDP of Wenzhou
City increased by 281 km?, 1.35 million, and 417.619 billion yuan, respectively, mainly in
Ouhai District, and in Yueqing City and Ruian City. Based on the adjustment of the land use
structure in Wenzhou City (1997-2010) [56], the largest increase in construction land was
mainly concentrated in Yueqing City and in the Ouhai and Lucheng districts, which further
suggests that areas of extremely poor and poor habitat quality in the Ouhai District, Ruian
City, and Yueqing City accounted for the largest proportion of the whole city. Regions with
relatively slow population and GDP growth were mainly distributed in Yongjia County,
Taishun County, Wencheng County, and the Dongtou District, which corresponded to the
regions with the most extensive distribution of superior habitat. LUCC, population density,
and economic growth have a notable spatial aggregation effect and the driving forces of
social and economic growth in Wenzhou City weaken gradually from the east to the west.

In addition, natural factors play an important role in changes in the habitat quality.
The geographical environment restricts the development of human activities in the western
region and forest ecosystems are well protected from construction by the creation of
protected areas, and the relatively high annual rainfall ensures a suitable environment for
the growth of flora and fauna, creating areas rich in species diversity. Therefore, ecological
restoration at a national scale should consider designating areas with a long history of
excellent habitat quality within the biodiversity protection red line, and strictly controlling
the human destruction of ecosystems within the ecological red line. For areas where habitat
destruction has been greater and serious fragmentation has occurred in recent years, a
combination of biological and engineering remediation measures should be used to actively
promote the restoration of natural habitats. It is important to build the protected areas
network, with protected areas as ecological sources, and important rivers where land and
sea meet as ecological corridors to maintain the stability of habitat quality. The results
of Section 3.2 of this study can be used to help optimal integration of the boundaries of
protected areas, and ensure ecological measures are taken together to optimise the ecological
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network pattern, enhance biodiversity, promote the restoration of natural ecosystems, and
create a high-quality ecological hinterland.

4.3. Effect of the Different Type of Land Use Change on the Habitat Quality

PCA was carried out using SPSS to extract eight components with a cumulative vari-
ance contribution rate of 84.414%, based on the principle that the characteristic root should
be greater than one and the cumulative variance contribution rate should reach > 80% [57].
Based on an analysis of the land use change types and eight principal components, it was
determined that the main factors that affected habitat quality changes are cultivated land
and construction land. The factors that contributed the most to the changes in the habitat
quality can be ordered as follows, from large to small: conversion of forest land to cultivated
land (0.889), aquatic environments to cultivated land (0.866), forest land to construction
land (0.742), grassland to forest land (0.734), aquatic environments to forest land (0.715),
and cultivated land to forest land (0.704). Additional data are shown in Tables S3 and S4.

Therefore, the conversion of forest land to cultivated land had the greatest effect
on the deterioration of the habitat quality. Based on Section 3.1, the area of forest land
decreased sharply around 2000, whereas the area of cultivated land rapidly increased.
This was principally due to the promulgation of the Land Management Law in 1998,
which stipulated the implementation of a compensation system for occupied farmland
and the implementation of measures to protect the balance between the occupation of, and
compensation for, occupied farmland for non-agricultural construction. Under this policy,
people receive economic benefits from land reclamation, and as a result forest land was
converted to cultivated land. Subsequently, the state implemented a policy of ‘returning
farmland to forest’ in 2002 to protect and improve the ecological environment. From 2010 to
2014, Wenzhou City enacted the Balance of Arable Land, an act that allocated an equivalent
amount and quality of arable land to the local government to supplement the amount
of arable land occupied by construction, at the municipal level [58], and cultivated land
and forest areas stabilised. Combined with the trend in habitat quality changes shown in
Figure 3, it can be concluded that the quality of prime habitat rapidly declined from 1998 to
2000. This decline slowed after 2002. After the Balance of Arable Land was enacted from
2012 to 2014, the area with a prime habitat quality remained stable. Therefore, the effect of
relevant policies on habitat quality changes has been validated by this study.

The conversion of aquatic environments to cultivated land also led to a deterioration
in habitat quality. The explosive growth of the marine economy of Wenzhou City has
led to an increase in land reclamation at many locations and aquatic environments have
gradually decreased. Therefore, changes in areas with an excellent and intermediate habitat
quality slowed down in Wenzhou City, whereas the areas of extremely poor habitat quality
continued to increase, mainly in the eastern coastal areas. The eastern coastal area, which
is the core of the economic construction and development of Wenzhou City, is mainly
characterised by plains and hills. Frequent reclamation projects and other activities have
led to the deterioration of the habitat quality in coastal areas, water pollution, and the
continuous disappearance of natural ocean shorelines and harbours. The coastal waters,
canals, plain river networks, and urban inland rivers within its boundaries are severely
polluted. The eutrophication of water bodies is significant and wetland functions are
severely threatened [59].

4.4. Comparison of the Logistic Binary Regression and GeoDetector Models

Logistic regression model analysis was carried out on the same data using SPPS. The
contribution of land use changes was the largest, but the p value was greater than 0.05. The
Exp(B) values of elevation, rainfall change, population change, and night-time light change
were the same (see Figure 7). In contrast, the contribution of NDVI change was the smallest.
An increase in the NDVI will likely mean a decrease in habitat quality deterioration, i.e.,
these two factors are negatively correlated. The Exp(B) values of multiple influencing
factors were the same as those obtained using the GeoDetector model. However, the results
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obtained using the GeoDetector model explained the influence of multiple factors in more
detail. In addition, the effect of NDVI change ranked fourth in Section 3.3, which slightly
differs from the results obtained from the regression analysis. NDVI reflects the degree of
vegetation coverage, which is the basis of the ecological environment and directly affects
the quality of the habitat. Its influence is normally greater than of rainfall, as has been
confirmed by numerous studies [29,60] The changes in habitat quality as a result of the
combined action of these two factors cannot be compared. To conclude, the GeoDetector
model is superior to the logistic binary regression model. Its operation is simpler, and
collinearity and correlations among various factors are not considered.
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Figure 7. Model estimation of the influencing forces of the changes in habitat quality in Wenzhou
City.
4.5. Overall Analysis

Coastal cities are at the forefront of economic development, but they are also habitats
for many important plants and animals, including birds; land use changes have led to
large-scale losses of natural coastal wetlands [61]. Consequently, many fast-growing coastal
cities are under great ecological pressure. In this study, the annual changes in the habitat
quality from 1992 to 2015 were analysed, which reduced the lag between the actual change
and mapping time compared with analyses of the total change over a five-year period,
because the changes analysed could have occurred at any point in this period (Figure 8). For
example, the area with a medium habitat quality in Taishun County increased from 1992
to 2000. However, it first decreased and then increased during this period. The increase
occurred between 1998 and 2000; therefore, the lag time of the change is two years. Thus,
the use of a simple and efficient method to track the annual changes in habitat quality
provides time for the mitigation of the habitat degradation in rapidly developing coastal
cities of China.
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The GeoDetector model revealed the factors that influence changes in habitat qual-
ity and then helped determine measures for changing the natural condition of coastal
areas [37]. For example, the most influential factor in the changes in habitat quality in
Wenzhou City was land use change, particularly the conversion of forest land and aquatic
environments into arable land. Consequently, improvements to ecological environment
quality in Wenzhou City should focus on increasing urban green space coverage, improv-
ing the layout of green space in urban areas, improving water resource conservation and
wetland protection, preventing reclamation of aquatic environments, protecting water
resources, reducing water pollution, reducing reclamation projects including shore zone
restoration and beach restoration, and enhancing the landscape effect and ecological service
value of water bodies.

China’s territorial spatial planning includes the evaluation of the carrying capacity of
resources and environment and the suitability of territorial spatial development, among
which the evaluation of the carrying capacity of resources and environment summarises
the characteristics of regional resource and environmental endowments and analyses their
strengths and weaknesses according to three different functional directions: ecological
protection, agricultural production, and urban construction. This research framework is
simple to operate and can be applied in areas where data collection is difficult, to analyse
regional ecological conservation by modelling habitat quality, to use habitat degradation to
illustrate the direction of town construction, and to explore the factors influencing ecological
change, providing a scientific basis for recent implementation measures in territorial spatial
planning.

In this study, due to limitations in the collection of endemic species data information,
it was not possible to validate the distribution of plants and animals against the quality of
habitats simulated by the INVEST model. In the next step of the study, species distribution
data could be used as a basis for habitat definition, and a plant ecology approach could be
used as a basis for the model, potentially reducing the subjectivity of the results. Habitat
quality changes are generally caused by multiple factors. In this study, GeoDetector models
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were used to explore the interaction between these two factors. However, the interaction
between these factors is complex and uncertainties affect the results. In this study, when
selecting climate change factors, rainfall change was chosen as an indicator due to the
availability of data, but the indicators of climate change could be further refined, e.g.,
temperature change could be added to the influencing factors, as extreme weather may
also influence the choice of sites for human activities, etc. The human factors also should
be refined, the addition of policies and government interventions should be considered,
and the mechanisms driving the multi-factor coupling should be analysed.

The intensity and interaction between the drivers of habitat quality may change in
the future according to some studies, while the main driver may remain the same in the
future [21]. This study aims to investigate the factors influencing past changes in habitat
quality and to provide scientific guidance for the implementation of next steps in the short
and medium term. Subsequent studies can forecast land use changes in the study area and
provide a scientific basis for longer-term coastal urban planning in the future.

5. Conclusions

The land use structure in coastal cities, as the pacesetters of national major develop-
ment strategies, has changed significantly and different land use structures have affected
the regional ecological environment. The InVEST model is parameterised by the use of ex-
pert knowledge, so that the framework can be extended for use in different coastal cities. In
addition, analysis of influencing factors using the GeoDetector model showed that habitat
quality in coastal cities is impacted by natural, human, and social factors. Cross-probing
between two random factors shows different degrees of enhancement. Significant inter-
actions between land use and other factors were noted in the study area. Land-use types
have an important influence on the distribution patterns of different ecosystems and, in
combination with increasingly frequent anthropogenic activities, force an accelerated rate
of land type change. This increases the ecological pressure on the surrounding towns and
accelerates changes in habitat quality. Therefore, attention should be paid to the social and
economic development of future cities, the construction of environmentally friendly land
use patterns, and targeted action measures that protect and mitigate ecological threats. This
study demonstrates that this research framework provides a simple, efficient, and low-cost
decision support tool that can provide time to mitigate habitat degradation in the rapidly
growing coastal cities of China and provide a scientific basis for ecological civilisation and
spatial ecological restoration of the country, leading to a robust and integrated approach to
land use planning and management.
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Abstract: The value of ecosystem services and service capabilities continue to improve, and the
way to form a path of resource industrialization development has become one of the important
directions of sustainable development. This paper mainly takes the construction of national parks
as a major opportunity and explores the temporal and spatial changes in the value of ecosystem
services in Qilian Mountain National Park (Gansu area) and the construction path of the industrial
system of national park construction. The total value of ecosystem services was calculated using
a comprehensive index of the degree of land use, land contribution rate, ecological service value,
equivalent factor of economic value, and the improved value coefficient of farmland ecological
services, and then the Sensitivity index was used to reveal the dependence of the value of ecosystem
services on the value index over time. The results showed the following: (1) Human disturbance
factors in Qilian Mountain National Park (Gansu area) are weak, and the land use of Qilian Mountain
National Park (Gansu Area) was mainly grassland, followed by unused land, forest land, and glacial
snow, with the change in glacial snow cover being the largest. (2) The ecosystem of Qilian Mountain
National Park (Gansu area) is strong, and the contribution rate of forest land, construction land,
unused land, and glacial snow cover in Qilian Mountain National Park (Gansu Area) was positive,
while cultivated land, grassland, and water area were negative. Among them, glacial snow cover
contributed the most at 10.4723 the ecological barrier function plays a stable role. (3) The ecosystem
service value (ESV) in Qilian Mountain National Park (Gansu Area) showed a fluctuating growth
trend on the whole, showing the characteristics of high northwest and low southeast, among which
the total value of grassland was the largest, the value of unused land was the smallest with the largest
increase range, and the increase in water area was the smallest. (4) Qilian Mountain National Park
(Gansu Area) is mainly based on regulated services, followed by support services, supply services,
and cultural services, all showing a clear growth trend, increasing by 181.77%, 183.90%, 196.19%,
and 170.38%, respectively. With the development of low-carbon economy and circular economy as
the main idea, we aim to build a national park industrialization development path of direct product
supply, indirect product supply, and basic guarantee.

Keywords: ecosystem services value; land use intensity; land use change; sensitivity analysis; Qilian
Mountain National Park (Gansu Area)

1. Introduction

The continuous satisfaction of economic and social service functions by ecosystem
services is an important basic prerequisite for achieving their continued function [1]. In
2015, China promulgated and implemented the “Opinions of the Development and Reform
Commission on the Key Work of Deepening Economic System Reform in 2015” to carry out a
“pilot national park system” in nine provinces, including Sichuan, Hainan, and Guangdong,
and in 2021, China officially established the first batch of national parks, which included
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Sanjiangyuan, giant pandas, Northeast tigers and leopards, Hainan tropical rainforest, and
Wuyi Mountain, covering an area of 230,000 square kilometers, covering nearly 30% of the
terrestrial areas of the national key protected wild animal and plant species. Due to the
coupling characteristics of the natural and cultural landscapes of China’s natural resources
themselves [2], more attention is being paid to the attributes of cultural characteristics and
the needs for integrated development, such as ecosystem service functions, social functions,
and premium functions, in the process of their development [3]. The proposal national
park construction explores the shift from the ecological protection system dominated
by nature reserves to the nature reserve system with national parks as the main body,
providing a typical development model for the overall protection of the global natural
system and paying attention to the important role of ecological assets [4]. As an important
ecological barrier typical of western China [5], the Qilian Mountains play an important
role in helping to maintain the balance of the oasis ecosystem in the Hexi Corridor [6] and
cultural symbols [7,8], and the way to better highlight the service characteristics in the
protection system dominated by national parks has become an urgent problem.

Ecosystem services refer to the environmental conditions and utilities formed and
maintained by ecosystems for human survival and development, and all the benefits
directly or indirectly obtained by human beings from the ecosystem, including four aspects
of supply services, regulation services, support services, and cultural services [9]. The
research on the value of China’s ecosystem services has been carried out by Xie Gaodi [10] to
develop the “China terrestrial ecosystem service value equivalent factor table”. It provides
a basis for calculating regional ecosystem values and is widely used, and the coordination
between ecosystem services is constantly weighed [11]. The main types of ecosystems are
farmland, forests, grasslands, wetlands, oceans, and cities [12], which can provide people
with systematic service functions—that is, the various utilities that humans obtain from the
ecosystem [13]. Similarly, they provide a variety of services to humans, directly or indirectly,
and have been widely discussed in the academic community [14]. For example, Costanza
first assessed global natural capital in 1997, mainly using ecosystem goods and services [15].
De Groot et al. defined ecosystem functioning as the ability of natural processes and their
components to provide goods and services that meet direct or indirect human needs [16].
Since the United Nations Millennium Assessment (2005), which pointed out that ecosystem
services refer to the benefits that people receive from ecosystems, ecosystem services
science has made many advances in developing the core concepts and methods [17]. The
research and development of ecosystems continue to deepen, and the importance of the
development of economy [18], society [19], and urban ecosystem service value prediction
continues to increase [20], which not only plays an important role in the construction of
national parks [21] but also in human development, such as cultural development [22] and
landscape value [23]. In 2021, the United Nations officially adopted the new framework of
environmental-economic accounting—ecosystem accounting (SEEA-EA) to further promote
sustainable economic and social development. In the study of ecosystem service value
in China, it has been proposed that ecological equivalent factors [10] rely on continuous
optimization and in-depth calculation of ecosystem value. In 2020, the Ministry of Ecology
and Environment and the Research Center for Eco-Environmental Sciences of the Chinese
Academy of Sciences jointly compiled a technical guide for accounting for the terrestrial
ecosystem product (GEP) and then extending the function and value of recreation services
to the ecosystem [24], which continues to enrich the research on the value system of
ecosystem services with a focus on counties [25]. Similarly, with the transformation and
development of China’s economy and society, more attention should be paid to connotative
development and cross-regional ecological economic linkage development [26], and the
role of the vegetation index in ecosystems should be fully utilized [27].

Ecosystem service function and ecological sensitivity are important contents of ecolog-
ical protection evaluation [28], and the process of national park construction not only pays
attention to the supply capacity of the ecosystem itself but also divides national parks into
strictly protected areas, ecological conservation areas, traditional use areas, and scientific
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and educational recreation areas [29], and also pays more attention to the reuse of other
extended functions such as cultural aesthetics. Some scholars have made calculations based
on GEP (gross ecosystem product), demonstrating that the ecological value is the most
prominent [30]. The Qilian Mountains are ecologically fragile and sensitive areas, and
ecological restoration is more difficult [31], but the way to further realize the service value
of the ecosystem as a national park, better serve the local economy, and society to play a
better role and form a benign interaction with the ecosystem has become an urgent problem
to be solved. As such, the systematic protection of national parks as the main body has
become a typical case demonstration.

This paper mainly relies on the importance and resource characteristics of ecological
economic development, taking Qilian Mountain National Park (Gansu area) as an example.
First, the ecosystem service value equivalent factor was used to analyze the changes in
ecosystem service value from 2000 to 2019 and enrich the application research of ecosystem
service value equivalent factor. Second, combined with the economic development of the
Qilian Mountains and its surrounding areas, highlight the characteristics shared by the
people of national park construction, build a national park industrialization development
path of direct product supply, indirect product supply and basic guarantee, and put forward
countermeasures and suggestions for national park construction. We also hoped to provide
a typical case for the development of terrestrial ecosystems around the world.

2. Overview of the Study Area

Qilian Mountain National Park (Gansu Area) covers an area of 34,400 km?, accounting
for 68.5% of the total area, involving the seven counties (districts) of Subei Mongol Au-
tonomous County, Aksai Kazakh Autonomous County, Sunan Yugur Autonomous County,
Minle County, Yongchang County, Tianzhu Tibetan Autonomous County, and Liangzhou
District, including Qilian Mountain National Nature Reserve, Yanchiwan National Nature
Reserve, Tianzhu Three Gorges National Forest Park, Horseshoe Temple Provincial Forest
Park, Binggou River Provincial Forest Park, and other protected areas. The terrain is basi-
cally high in the south and low in the north, located in a cold area with a plateau continental
climate and rich natural environment. It consists mainly of Qinghai spruce forest, shrub
forest, and a small number of Qilian cypress, birch, and aspen forests, grassland meadow
steppe, desert steppe, and alpine grassland. The vegetation growth in the area is good, and
the forest coverage rate reaches 28.8% [32] (Figure 1).

As of 2019, The 7 counties (districts) of Qilian Mountain National Park (Gansu Area)
have a land area of 1232.2 square kilometers and a population of 1460.3 thousand, the
GDP totaled 7.974 billion USD, the investment in fixed assets was 5.338 billion USD, and
the added value of the primary, secondary, and tertiary output was 1.964, 1.641, and
4.369 billion USD, respectively (According to the information released by the National
Bureau of Statistics of China, the conversion of US dollars and RMB is based on the average
exchange rate of US dollars and RMB in 2020—that is, 1 US dollar to 6.8974 yuan) (Table 1).

Table 1. Statistics of major indicators of Qilian Mountain National Park (Gansu Area) in 2019.

Major Indicators

Value of the .
C(.)un.ty Areal Population 2 GDP Valu.e of the Value of the Tertiary Fixed
(District) Primary Secondary Output Investment
sq. km. tp Billion USD Billion USD Billion USD Billion USD Billion USD
Subei mongolian 667 15.1 0.236 0.016 0.099 0.121 06
prefecture
Akesai kazak 314 11.0 0.149 0.012 0.046 0.091 0.416
autonomous county
Minle county 37 192.5 0.851 0.275 0.163 0.413 0.793
Yongchang county 74 177.6 1.13 0.263 0.303 0.564 0.451

139



Land 2023, 12, 201

Table 1. Cont.

Major Indicators

Value of the .
Ctt')un‘ty Area ! Population 2 GDP Valu.e of the Value of the Tertiary Fixed
(District) Primary Secondary Output Investment
sq. km. tp Billion USD Billion USD Billion USD Billion USD Billion USD
Tanzhu tibetan 71 151 0.663 017 0.127 0.366 0.552
autonomous county
Liangzhou district 49 885.3 4.559 1.127 0.788 2.644 2.368
Sunan Yugur 202 27.8 0.386 0.101 0.115 017 0.158
Autonomous County
Total 1232.2 1460.3 7.974 1.964 1.641 4.369 5.338

1. sq. km.: Square kilometer. The data are mainly from the official websites of seven county (district) governments.
2. Population data are the seventh national census. “tp” represents “thousand people”.

™

Figure 1. Location of the study area.

3. Materials and Methods
3.1. Data Sources and Processing

The remote sensing monitoring dataset of land cover change in China (CNLUCC)
provided by the Data Center for Resources and Environmental Sciences of the Chinese
Academy of Sciences from 2000 to 2019 was provided by the Data Center for Resources
and Environment Science of the Chinese Academy of Sciences, and this paper analyzed the
land use changes according to the first-level classification method of land use type of the
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system, namely, arable land, forest land, grassland, water, construction land, and unused
land. The data on grain crop output and sown area came from the Gansu Development
Yearbook, while the grain price data were from the Summary of National Agricultural
Product Cost and Benefit Data. These data are widely used in the study of the value of
ecosystem services in China [33,34] (Figure 2).

|
==

||

Figure 2. Flow chart. Based on the background of the construction of a community with a shared
future for man and nature with Chinese characteristics, relying on the construction of the main
body of national parks, highlighting the relationship between ecological economic development
and ecosystem protection and utilization, calculating the value of ecosystem services through the
equivalent factor of ecosystem services, maximizing the benefits of the four major ecosystem service
functions of supply, regulation, support and culture, and analyzing the changing characteristics and
trends of the four, and then putting forward countermeasures and suggestions for the construction of
an industrial system dominated by national parks.

3.2. Research Methods
3.2.1. Analysis of Degree of Land Use and Change Characteristics
1.  Composite Index of Land Use

The comprehensive index of the degree of land use (L) reflects the degree of human
development and utilization of regional land and is an important indicator to measure the
depth and breadth of regional land use. Its formula is expressed as [35]:

I=Y" (LP)-100%, 1)

where I represents the comprehensive index of land use intensity, L; represents the land
use intensity grade of the class I land use type, and P; represents the proportion of class I
land use type to the total land area.
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In order to quantify the influence of each land use type on the change of the compre-
hensive index of land use intensity, the contribution rate of land type use intensity was
introduced, and the calculation method is as follows [35]:

iy —lip _ Li-(Pyp — Pia)

Ri= = , 2
: li Li-Pig

where [j; and I, are the land use intensity index for the class I land use types b year and a
year, respectively. Pj, and Pj, refer to ratio of the type I land use type to the total land area,
respectively. L-i. denotes the land use intensity rating of the class I land use type. R; is the
contribution rate of the land use intensity composite index of class I land use type from a to
b years, where a negative value means that its contribution makes the land use intensity
composite index smaller, while a positive value indicates that its contribution makes the
land use intensity composite index larger. The larger the absolute value of R;, the greater
the contribution of class I land use types to the change of the overall land use intensity
composite index—that is, the greater the impact.

2. Analysis of land use change characteristics

The land use transfer matrix is the basis for analyzing the direction of regional land
use change, which can reveal the structural characteristics and transfer direction of land use
changes [36]. The rate of land use change can be expressed in terms of land use dynamics.
A single land use dynamic degree can visually reflect the intensity of change in various

land types [37].
_u-u, 1 .
K_TXTXMO/O’ ®3)
where K is the dynamic degree of a certain land use type. Ua and Uj, represent the area of
a land use type at the beginning and end of the study period, respectively. T is the study

period for a land type.

3.2.2. Approaches to Valuing Ecosystem Services

Referring to the research results of Xie Gaodi [38], Sutton and Costanza [39], and
others, the economic value of the national ecosystem ecological service value equivalent
factor was calculated, and the proposed equivalent factor table defines the economic value
of the annual natural food yield of farmland, with a national average yield of 1 hm? being
1[40] and the value equivalent factor of other ecosystem services being a relative quantity,
which refers to the contribution of the ecological service relative to the farmland food
production service.

The economic value of grain production can be calculated as [35]:

Eo= T Ty, @
where E. is the economic value of grain production. T, is the average grain benchmark
yield (kg/ hm?) in the study area study area. T}, is the unit price of grain in the study area.
1/7 refers to the natural ecosystem without human input in the unit area, and the economic
value provided by the natural ecosystem without human input is 1/7 provided by existing
farmland [35]. According to the biomass factor table of farmland ecosystem in different
provinces in China [10], the biomass factor of farmland ecosystem in Gansu was 0.42, and
the value coefficient of farmland ecological service in Qilian Mountain area was 0.85 after
adjustment according to the actual situation.

The service value coefficient of each ecological service function can be calculated as
follows [41]:
VCij = Ec fij, ®)

where VC;; is the coefficient of the jth ecological service value of the ith land use type
(dollar /hm?-a), and fij represents the equivalent factor of the jth ecological service value
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of the ith land use type. From 2000 to 2019, the average grain output of Qilian Mountain
National Park (Gansu Area) was 66,009.02 kg/ hm?, and in 2019, the average grain price
of the seven counties (districts) of Qilian Mountain National Park (Gansu Area) was
4.26 USD/hm?, while the value of ecosystem services in Qilianshan National Park (Gansu
Area) was calculated as 38,587.18 USD/ hm?. Furthermore, the value of ecosystem services
in the study area was calculated [41]:

ESV =Y (AxVC)  ESVs=Y 1 (Acx VCy), ©)

where ESV and ESVy are the total value of ecosystem services and the functional value of
the f-service, respectively. Ay represents the area of land use type k (hm?). VCy, and VCi
are the ecosystem service value coefficient and the f-service function value coefficient for
land use type k, respectively.

3.2.3. Sensitivity Analysis

This paper used the Coefficient of Sensitive (CS) index commonly used in economics
to reveal the dependence of the value index on the change of ecosystem service value over
time, so as to reduce the uncertainty of the results. According to CS, to better verify the
stability of the change trend and characteristics of the total value of ecosystem services
in Qilian Mountain National Park (Gansu area) from 2000 to 2019. In this paper, CS was
calculated by increasing or decreasing the ecological service value coefficient VC by 50%
for each land use type [42].

(ESV; — ESV;) /ESV;

€= (chk - VC,-k> JVCy

. @)

where VCjy and VCj; represent the value coefficient of ecological services per unit area of
Category k ecosystems before and after adjustment. ESV; and ESV; represent the total value
of ecological services before and after the adjustment, respectively. CS is the sensitivity of
the value coefficient of each ecosystem service in the study area. If CS > 1, ESV is elastic to
VC, the accuracy of the value coefficient is poor, and the confidence is low. If CS < 1, ESV is
not elastic to VC and the results are credible.

4. Results
4.1. Change Characteristics of Land Use Degree
4.1.1. Land Use Change Characteristics

From 2000 to 2019, Qilian Mountain National Park (Gansu Area) was mainly divided
into four phases of arable land, forest land, grassland, water, unused land, construction, and
glacier five types of land use types. Specifically, there were mainly the following aspects:

In the study periods of 2000, 2005, 2010, 2015, and 2019, different land types in Qilian
Mountain National Park (Gansu Area) changed to varying degrees according to the remote
sensing monitoring dataset of land cover change in China, mainly as follows: The area
of unused land continued to increase, and the area of forest land, glacial snow cover,
and construction land fluctuated and increased. The fluctuation of cultivated land and
grassland area decreased. Specifically, the proportion of unused land increased from 35.21%
(1,075,888.26 hm?) in 2000 to 36.43% (1,122,641.01 hm?) in 2019. The proportion of forest
land increased from 5.18% (158,374.26 hm?) in 2000 to 11.37% (350,380.26 hm?2) in 2019,
the proportion of glacial snow area increased from 0.29% (8892.72 hm?) in 2000 to 3.34%
(102,892.68 hm?) in 2019, the proportion of construction land increased from 0.0015% in 2000
(46.08 hm?) to 0.0048% (147.60 hm?) in 2019, the proportion of cultivated land decreased
from 0.31% (9324.27 hm?) in 2000 to 0.28% (8717.04 hm?) in 2019, and the proportion
of grassland area decreased from 58.4668% (1,786,700.07 hm?) in 2000 to 48.34% in 2019
(1,489,829.58 hm?) (Table 2).

143



Land 2023, 12, 201

Table 2. Changes in land use area and proportion of Qilian Mountain National Park (Gansu Area)
from 2000 to 2019 (units: hm?2, %).

Land Use Area and Proportion 2000-2019 Dynamics of
Types 2000 2005 2010 2015 2019 Rate of Change/% Smgiee/&/j“d
9324.27 12,627.63 9274.59 9231.30 8717.04 651 ~0.02
Farmland 031% 0.40% 030% 0.30% 0.28% —6
Forestland 158,374.26 457,176.42 164,074.86 319,009.05 350,380.26 o4 0.30
orestlan 5.18% 14.66% 5.26% 10.2883% 11.37% :
Grassland 1,786,70007  1,166,820.21 161357454 146830932  1489,829.58 L6462 —0.04
rassian 58.47% 37.42% 51.72% 47.35% 48.34% e
W 16,695.90 17,494.11 6078.24 113,096.97 7452.81 536 —0.14
ater 0.55% 0.56% 0.19% 3.65% 0.24% T
. 46.08 58.41 22.59 88.47 147.60 055
Built-up area 0.0015% 0.0019% 0.0007% 0.0029% 0.0048% 220.31
Unused land V07588826 138995739 121993560 110393109 112264101 . 0.01
nused fan 35.21% 44.57% 39.11% 35.60% 36.43% :
] 8892.72 74,350.26 106,632.45 87,024.51 102,892.68 2.64
Glacial snow 0.29% 2.38% 3.42% 281% 3.34% 1057.04

From the perspective of land use structure, grassland was the main one, followed by
unused land, forest land, and glacial snow cover, with annual average area ratios of 48.66%,
38.18%, 9.35%, and 2.45%, respectively, while the annual average area ratios of cultivated
land and construction land were 0.32% and 0.0023%, respectively. In terms of change rate
and up, the change range was 1057.04%, 220.31%, and 121.24%, and the dynamic degree of
single land use was 2.64%, 0.55%, and 0.30%, respectively (Figure 3).

4.1.2. Land Use Change Characteristics

In this paper, with reference to the land use intensity grading method [35,43], the use
intensity of the land use type in the study area was divided into five levels and assigned the
corresponding index in Formula (1), with the specific land use degree detailed in Table 3.

Table 3. Assignment table for land use intensity ratings.

Unused Land (Glacial Snow) Water Forestland (Grassland) Farmland Built-Up Area

Degree of land use 1 2 3 4 5

According to the actual situation of the study area and the division of land use intensity
grades in existing studies, this paper divided them into five levels, assigned them to the
grades, and obtained the land use intensity index and its changes in the four phases of
Qilian Mountain National Park (Gansu Area) in 2000, 2005, 2010, 2015, and 2019 (Table 4).

Table 4. Land use intensity and rate of change in Qilian Mountain National Park (Gansu Area).

Amount of Change in the Land

Land Use Intensity Index Use Intensity Index

Rate of Change in Land Use Intensity

2000
2005
2010
2015
2019

2.2877 — —
2.0594 —0.2283 —9.98%
2.1506 0.0912 4.43%
2.1984 0.0478 2.22%
2.2052 0.0069 0.31%
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Figure 3. Land use status of Qilian Mountain National Park (Gansu Area) from 2000 to 2019.
a-e represent the current status of land use in 2000, 2005, 2010, 2015, and 2019, respectively.
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The variation range of Qilian Mountain National Park (Gansu Area) was large during
the study period, and the change range of each study period was very different, but the
land use intensity index was very low. Analysis of the results calculated according to
Formulas (2) and (3), The land use intensity indices and their changes for the five periods
2000, 2005, 2010, 2015, and 2019 are shown in Table 5.

Table 5. Contribution rate of land use intensity by land type in Qilian Mountain National Park
(Gansu Area).

Farmland  Forestland  Grassland Water Built-Up Area Unused Land Glacial Snow
2000-2005 0.3271 1.8288 —0.3600 0.0268 0.2421 0.2660 7.1931
2005-2010 —0.2658 —0.6412 0.3824 —0.6527 —0.6134 —0.1226 0.4337
20102015 0.0014 0.9561 —0.0845 17.7203 2.9402 —0.0896 —0.1789
2015-2019 —0.0500 0.1050 0.0208 —0.9337 0.6784 0.0231 0.1895
2000-2019 —0.0731 1.1936 —0.1732 —0.5574 2.1760 0.0346 10.4723

From the study period from 2000 to 2019, the contribution rate of forest land, construc-
tion land, unused land, and glacial snow cover was positive, while for cultivated land,
grassland, and water area, it was negative. The contribution rate of glacial snow cover was
10.4723, and the contribution rate of construction land and forest land was also relatively
large and positive, indicating that during the study period, a very small portion of arable
land, grassland, and water areas in Qilian Mountain National Park (Gansu Area) was
developed or developed into glacial snow, construction land, or woodland. Specifically:

First, from 2000 to 2005, the contribution rate of arable land, forest land, water area,
construction land, unused land, and glacial snow cover was positive, only grassland
contributed negatively. The contribution rate of glacial snow cover was the largest at
7.1931, and the contribution rate of forest land and cultivated land was 1.8288 and 0.3271,
respectively. This shows that from 2000 to 2005, grassland was developed or developed
into arable land, forest land, water, construction land, unused land, or glacial snow.

Second, from 2005 to 2010, the contribution rate of grassland and glacial snow cover
was positive, while the contribution rate of cultivated land, forest land, water area, con-
struction land, and unused land was negative, and the contribution rate of water area
was the largest and negative. This indicates that from 2000 to 2005, arable land, forest
land, water areas, construction land, and unused land were developed or developed into
grassland or glacier snow.

Third, from 2010 to 2015, the contribution rate of arable land, forest land, water area,
and construction land was positive, while the contribution rate of grassland, unused land,
and glacial snow cover was negative, and the contribution rate of water area was the largest
and positive. This illustrates that grassland, unused land, and glacial snow cover were
developed or developed into arable land, forest land, water area, or construction land.

Fourth, from 2015 to 2019, the contribution rate of forest land, grassland, construction
land, unused land, and glacial snow cover was positive, while the contribution rate of
cultivated land and water area was negative, and the contribution rate of construction land
was the largest and positive. This shows that, from 2015 to 2019, cultivated land and water
areas were developed or developed into forest land, grassland, construction land, unused
land, or glacier snow.

4.2. The Value of Ecosystem Services
4.2.1. The Temporal Variation Characteristics of the Total Value of the Service

From the perspective of the total value of ecosystem services of land types, the to-
tal value of ecosystem services in Qilian Mountain National Park (Gansu Area) from
2000 to 2019 showed a trend of fluctuation with an increase, with an overall increase of
990.2085 billion USD according to Formulas (4)—(6).

146



Land 2023, 12, 201

First, the total value of services increased from 542.1147 billion USD in 2000 to
3521.2048 billion USD in 2015, an increase of 182.66%, and then dropped to 1532.3232 billion
USD in 2019, a decrease of 54.68%, showing a clear inverted “U” growth trend (Table 6).

Table 6. The total value and proportion of ecosystem services of each land type in Qilian Mountain
National Park (Gansu Area) and the corresponding changes.

Total Value of the Service and Percentage

2000 2005 2010 2015 2019
Farmland 0.4844 0.09% 1.2263 0.14% 1.9925 0.10% 2.2898 0.06% 1.3488 0.09%
Forestland 46.7240 8.62%  252.0863 27.94%  200.1601  9.91% = 449.3289  12.76%  307.8546  20.08%
Grassland 455.8161  84.08%  556.3551  61.65%  1702.1868 84.26%  1788.3872 50.79%  1131.9449 73.87%
Water 37.9062 6.99% 74.2339 8.22% 57.0635 2.82% 12259076 34.81%  50.3932 3.29%
Unused land 0.0007 0.01% 0.0016 0.01% 0.0013 0.01% 0.0061 0.01% 0.0062 0.01%
Glacial snow 1.1833 0.21% 18.4907 2.04% 58.6723 2.90% 55.2853 1.57% 40.7754 2.66%
Total 542.1147 100% 902.3941 100%  2020.0764  100%  3521.2048  100%  1532.3232  100%
Amount of Change
2000-2005 2005-2010 2010-2015 2015-2019 2000-2019
Farmland 0.7417 0.7664 0.2972 —0.9411 0.8644
Forestland 205.3623 —51.9262 249.1688 —141.4742 261.1306
Grassland 100.5390 1145.8315 86.2005 —656.4423 676.1288
Water 36.3277 —17.1704 1168.8439 —1175.5144 12.4869
Unused land 0.0009 —0.0003 0.0046 0.0003 0.0057
Glacial snow 17.3075 40.1814 —3.3868 —14.5100 39.5920
Total 360.2794 1117.6823 1501.1284 —1988.8816 990.2085

Second, from the perspective of the total value, the total value of all types of land
types showed an increasing trend, with the largest total value for grassland, the smallest
and largest increase for unused land, and the smallest increase for water areas. First, the
total value of grassland was the largest and showed an increasing trend, increasing from
455.8161 to 1131.9449 billion USD, an increase of 148.33%, with the average proportion
being 70.9316%. Second, the total amount of unused land was the smallest, but its increase
was the largest—that is, from 0.0007 billion USD in 2000 to 0.0062 billion USD in 2019,
an increase of 853.95%. Third, the total value of water areas increased the least, from
37.9062 billion USD in 2000 to 50.3932 billion USD in 2019, an increase of 32.94% (Table 6).

4.2.2. Spatial Variation Characteristics of the Total Service Value

From the perspective of the spatial total ecosystem service value of land type, the total
ecosystem service value of Qilian Mountain National Park (Gansu Area) from 2000 to 2019
showed the characteristics of high northwest and low southeast values. In 2000, it was
mainly high in the Western Arctic, while other regions were mainly moderately distributed.
In 2005, it was mainly high in the west and arctic, while other regions were low and very
low. In 2010, it was dominated by extremely high in the northwest, and in 2015, it was
basically the same as in 2010. In 2019, the northwest was dominated by extremely high, the
middle region was dominated by very low, and the southeast region was dominated by
medium and low values (Figure 4).

4.2.3. The Function of the Service and the Changing Characteristics of the Value of the
Individual Service

The service functions of Qilian Mountain National Park (Gansu Area) were analyzed
from the perspective of supply, regulation, support, and cultural services, mainly based
on regulation services, followed by support, supply, and cultural services, all showing
obvious growth trends, increasing by 181.77%, 183.90%, 196.19%, and 170.38%, respectively
(Table 7).
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Figure 4. Value characteristics of land ecosystem services in Qilian Mountain National Park (Gansu
area), 2000-2019. (a—e) represent the value characteristics of land ecosystem services in 2000, 2005,
2010, 2015, and 2019, respectively. I-V mainly represent the intensity ranking of the total value of
ecosystem services from low to high, classified according to the five-level natural fracture method in
ArcGIS software.
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Table 7. Total value and proportion of ecosystem services by land type in Qilian Mountain National

Park (Gansu Area) and the corresponding changes (billion USD %).

Service Features Supply Services Conditioning Services Support Services Cultural Services
2000 34.8308 356.9154 125.0125 25.3560
6.42 65.84 23.06 4.68
2005 60.1541 599.3683 203.6830 39.1886
6.67 66.42 22.57 4.34
2010 137.2245 1323.3005 466.6521 92.8994
6.79 65.51 23.1 4.6
2015 238.6677 2489.8058 642.5233 150.2079
6.78 70.71 18.25 4.27
2019 103.1654 1005.6898 354.9110 68.5569
6.73 65.63 23.16 4.47
2000-2019 68.3346 68.3346 68.3346 68.3346
Amount/rate of change 196.19% 181.77% 183.90% 170.38%

From 2000 to 2019, the single service functions of Qilian Mountain National Park
(Gansu Area) were mainly based on climate, water, and soil regulation and remained
basically stable, accounting for an average of 24.04% and 25.63%. Meanwhile, soil con-
servation, diversity, gas regulation, environmental purification, aesthetic landscape, raw
material production, water supply, food production, and nutrient cycling accounted for
10.87%, 10.34%, 8.95%, 8.20%, 4.47%, 2.57%, 2.47%, 1.64%, and 0.82%, respectively. In
terms of the proportion of total ecological service value, the proportion of total ecological
service value basically maintained a growth trend, except for air purification, water and
soil regulation, soil conservation, diversity, and aesthetic landscape, while the proportion
of other individual service functions showed a growth trend (Table 8).

Table 8. Total value of ecosystem services by land type in Qilian Mountain National Park (Gansu

Area) and the corresponding proportion (billion USD %).

Service Individual Amount of Rate of
Features Service 2000 2005 2010 2015 2019 Change Change
Features (2000-2019) (2000-2019)
Food 9.6633 14.6791 36.1903 45.2447 26.4925
ducti 16.8292 174.16%
production 1.78% 1.63% 1.79% 1.28% 1.73%
R terial 14.6270 241152 55.0894 70.2096 421374
Supply o o 27.5105 188.08%
services production 2.70% 2.67% 2.73% 1.99% 2.75%
10.5405 21.3599 45.9448 123.2134 34.5355
Water supply 23.9950 227.65%
1.94% 2.37% 2.27% 3.50% 2.25%
Subtotal 34.8308 60.1541 137.2245 238.6677 103.1654 68.3346 196.19%
Gas 51.1063 83.3408 193.1937 245.3344 146.7329
ditioni 95.6266 187.11%
conditioning 9.43% 9.24% 9.56% 6.97% 9.58%
136.0364 227.8777 516.8104 644.0117 398.0173
Climate comfort 261.9808 192.58%
N 25.09% 25.25% 25.58% 18.29% 25.97%
Conditioning
services - 45.9109 74.8265 170.1298 260.4256 129.0871
Clean-up 83.1762 181.17%
operation 8.47% 8.29% 8.42% 7.40% 8.42%
il— 123.8618 14,713.76 30,566.97 92,427.52 22,889.19
Soil-water 14,345.9491 167.92%
regulation 22.85% 23.64% 21.94% 38.06% 21.66%
Subtotal 356.9154 599.3683 1323.30 2489.806 1005.69 648.7744 181.77%
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Table 8. Cont.

Service Individual Amount of Rate of
Featulres Service 2000 2005 2010 2015 2019 Change Change
Features (2000-2019) (2000-2019)
Soil 62.2532 101.1645 234.1863 297.6786 177.9187
. 115.6654 185.80%
conservation 22.85% 23.64% 21.94% 38.06% 21.66%
. . 4.6870 7.6643 17.6358 22.5078 13.4347
Support Nutrient cycling - s " : " 8.7477 186.64%
services 0.86% 0.85% 0.87% 0.64% 0.88%
. . 58.0724 94.8543 214.8300 322.3370 163.5577
Diversity 105.4854 181.64%
10.71% 10.51% 10.63% 9.15% 10.67%
Subtotal 125.0125 203.6830 466.6521 642.5233 354.9110 229.8985 1.8390
Aestheti 25.3560 39.1886 92.8994 150.2079 68.5569
Cultural Jandscape - - . - - 43.2010 170.38%
services 4.68% 4.34% 4.60% 427% 4.47%
Subtotal 25.3560 39.1886 92.8994 150.2079 68.5569 43.2010 170.38%

4.3. Sensitivity Analysis

According to the sensitivity analysis in Formula (7) of the 50% increase in the value
coefficient of ecological services, the sensitivity index of different land use types was very
different, but there was little difference between different years of the same type, and the
sensitivity index was less than 1. Among them, grassland had the largest sensitivity index,
while arable land had the lowest sensitivity index. The total value of ecosystem services in
the study area was not elastic to the value coefficient, so the value coefficient used in this
calculation was suitable for Qilian Mountain National Park (Gansu Area), and the results
are credible (Table 9).

Table 9. Ecosystem service value sensitivity index by land type in Qilian Mountain National Park
(Gansu Area).

Amount of Change

2000 2005 2010 2015 2019
Farmland (VC =+ 50%) 0.00089 0.00136 0.00099 0.00065 0.00088
Forestland (VC £ 50%) 0.08619 0.27935 0.09909 0.12761 0.20091
Grassland (VC % 50%) 0.84081 0.61653 0.84263 0.50789 0.73871
Water (VC £ 50%) 0.06992 0.08226 0.02825 0.34815 0.03289
Unused land (VC =+ 50%) 0.00000 0.00000 0.00000 0.00000 0.00000
Glacial snow (VC % 50%) 0.00000 0.00000 0.00000 0.00000 0.00000

5. Discussion

(1) First, the land use of Qilian Mountain National Park (Gansu Area) was mainly
grassland from 2000 to 2019, followed by unused land, forest land, and glacial snow, with an
annual average area ratio of 48.66%, 38.18%, 9.35%, and 2.45%, respectively, during which
the largest variation of glacial snow cover occurred. From 2000 to 2020, the area of water
bodies increased significantly, and the desert area decreased significantly in Sanjiangyuan
National Park [44], while the changes in Qilian Mountain National Park (Gansu Area) were
mainly glacial snow, construction land, and forest land, reflecting that Qilian Mountain
National Park (Gansu Area) has low human interference factors and obvious originality
and integrity characteristics. It shows that the construction and self-repair ability of the
ecosystem of Qilian Mountain National Park (Gansu Area) continue to improve, provide
high-quality system service resources for the construction of the national park, provide
original natural landscape, provide a more intuitive landscape system for further exerting
its ecosystem service value, which is conducive to the development of a green industrial
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system based on sightseeing and tourism, and lay the foundation for the optimization of
the ecosystem for the construction of the national park.

(2) Second, the contribution rate of forest land, construction land, unused land, and
glacial snow cover in Qilian Mountain National Park (Gansu Area) from 2000 to 2019 was
positive, while that of cultivated land, grassland, and water area was negative. Among
them, the contribution rate of glacial snow cover was 10.4723, and the contribution rate
of construction land and forest land was relatively large and positive. Conversely, the
grassland and water bodies of Sanjiangyuan National Park contributed greatly to the
ecological environment of the park [45], and the evolution of land use types was related
to the value of ecosystem services. This shows that a very small portion of arable land,
grassland, and water areas in Qilian Mountain National Park (Gansu Area) has been
developed or developed into glacial snow, construction land, or woodland, which reflects
the integrity of the system. This poses a new challenge to how to realize the protection of
ecosystem integrity in the construction of national parks, not only focusing on strengthening
the authenticity and integrity protection of natural ecosystems in the process of national
park construction but also putting forward a more severe test for the path of utilization.

(3) Third, the ESV in Qilian Mountain National Park (Gansu Area) from 2000 to 2019
showed a fluctuating growth trend on the whole, demonstrating the characteristics of high
northwest and low southeast values, and showed opposite spatial characteristics with the
characteristics of a high value in the northeast and a low value in the northwest of the
ecosystem service value of the Yangtze River Source Park and Lancang River Source Park,
The Yellow River Source Park presented the characteristics of a high value in the west
and a low value in the east. [46]. Qilian Mountain National Park (Gansu Area) had the
largest total grassland value, the smallest unused land value, and the smallest increase in
water area. Regulating services, followed by support services, supply services, and cultural
services, all showed a clear growth trend, increasing by 181.77%, 183.90%, 196.19%, and
170.38%, respectively. It shows that as an important ecological barrier in the western region
of China, the Qilian Mountains play an important role in the regulation of the overall
environment, and at the same time, with the opportunity of developing eco-tourism in the
western region, the cultural service function of the Qilian Mountains ecosystem is well
played, and the construction results of the national park are shared by the whole people.

(4) Fourth, this article took the comprehensive services of Qilian Mountain National
Park (Gansu Area) as the mainstay, giving full play to the four major service functions of
supply, regulation, support, and cultural services, maintaining ecological security, ensuring
ecological regulation functions, providing products for a good living environment, estab-
lishing a sound long-term ecological compensation mechanism to help provide financial
guarantee for the park [47], taking the development of low-carbon economy and circular
economy as the main idea, and building direct product supply. The industrialization
development path of national parks with indirect product supply and basic guarantee
appropriately develops the construction of direct market and life-oriented product systems
for agricultural production, forestry services, animal husbandry production, and fishery
production according to the characteristics of the region. Agricultural production mainly
relies on the natural conditions of the region to develop the production of wheat, corn,
vegetables, fruits, and other green agriculture, meet the basic needs of the region, and the
most suitable development of large-scale agricultural seed production and production base.
Develop a forestry service system focusing on forestry breeding and renewal and better
realize the breeding and renewal of forest land. In turn, high-quality natural ecosystems are
used to develop circular pastoral production and suitable fishery production. In addition,
it extends and cultivates business systems such as accommodation and catering, leisure
vacation, culture and art, and fitness and leisure activities, such as the development of
campsite products, ecological catering services, and other green and ecological tertiary
industry service systems. Similarly, effective conversion mechanisms for ecosystem goods
and markets should be combined and considers the use of carbon sink compensation
mechanisms and ecological banks in the process of consumption or marketization of these
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products. Through the systematic and intelligent sustainable use of the ecosystem of Qilian
Mountain National Park (Gansu Area), we can better help the construction of national parks
and become an area jointly built and shared by the people. In particular, the construction
of national parks is more prominent in the construction of the people’s sharing mechanism
for construction results, paying attention to the integrity of the ecosystem and paying
more attention to the realization of its added value and maximizing its benefits. Build
a mechanism for mutual coordination and unification of direct product supply, indirect
product supply and basic security system, and explore the construction of a sustainable
industrial system with the goal of human and natural communities. Combined with the
actual situation and industrial characteristics of China’s national park construction, fully
tap the cultural supply capacity of ecosystem services, provide direct product supply, such
as agriculture, forestry, animal husbandry, and fishery, explore diversified indirect product
supply, such as accommodation and catering, leisure vacation, culture and art, fitness and
leisure activities, and more direct, systematic, and intelligent protection and supervision
systems, so as to realize the effective docking of product supply and sustainable utilization
(Figure 5).
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Figure 5. Industrial system construction diagram.

6. Conclusions

Based on the equivalent factor of ecosystem services, this paper calculated the ecosys-
tem value of Qilian Mountain National Park (Gansu Area) by assetization, which provides
theoretical support for its market-oriented development. From 2000 to 2019, the land use
of Qilian Mountain National Park (Gansu Area) was mainly grassland, during which the
largest change in glacial snow cover occurred. The value of ecosystem services in 2019 was
1532.32 billion USD, showing a clear inverted “U” growth trend, taking the development
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of the low-carbon and circular economies as the main idea, and putting forward the path of
marketization or industrialization development of national parks. However, it is mainly
based on the analysis of economic equivalent factors, and more GEP and other methods
should be used in the process of method selection for in-depth research and exploration,
and the research area is mainly selected for the study of Qilian Mountain National Park
(Gansu Area), and the comparative study with Qinghai Area and Qilian Mountain National
Park should be considered, and the actual development of the industry in the region should
be explored in depth.

This paper studied the calculation of the total value of ecosystem services in Qilian
Mountain National Park (Gansu Area) from 2000 to 2019, which needs to be combined with
the new framework of the environmental-economic accounting—ecosystem accounting
(SEEA EA) officially adopted by the United Nations in 2021 and China 2020. The annual
compilation of the gross ecosystem product (GEP) calculation guide further deepens the
value research of ecosystems, and the value comparison of different internal regions should
also be studied in depth.
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Abstract: The harmonious coexistence of man and nature is the primary goal of the establishment of
national parks. Creating an ecological service supply model that takes into account the efficiency of
ecological services, the fairness of residents’ livelihoods, and the reasonable distribution of rights
and responsibilities is an important way of achieving that goal. China’s Northeast Tiger and Leopard
National Park (NTLNP) is a typical national park with state-owned forest land as the main body.
Before the establishment of the national park, state-owned forest enterprises (SOFEs) and local
government forest departments (LGFDs) were always the undertakers of ecological services. Issues
such as the distribution of rights and responsibilities between the NTLNP Administration, SOFEs, and
LGFDs and the livelihood of forest workers need to be resolved urgently. This study takes the NTLNP
as the study area and constructs a model of government purchasing of ecological services. The
main results show the following: (1) The driving factors of the government purchasing of ecological
services are increasing the workload of ecological services, the need for workforce transfer, and the
optimization of subsidy standards. (2) In the construction of the responsibility system, the NTLNP
Administration is the purchaser, SOFEs and Protection Stations are the undertakers, and groups
such as third-party institutions and the public are the Supervisors and Evaluators. (3) Setting the
purchase price in 2022 at CNY 47,654.44 per person while maintaining an average annual growth
rate of 6.10% will match the per capita wage income level of urban workers nationwide in 2035.
Based on the research results, it is proposed that payment for ecosystem services (PES) and ecological
compensation (EC) have mature research paradigms in solving the problems of efficiency and
fairness, but government purchasing of ecological services is a more appropriate policy tool in terms
of arranging rights and responsibilities. This study attempts to construct a model of government
purchasing of ecological services in order to provide a useful reference for national parks with
state-owned land as the main body.

Keywords: Northeast Tiger and Leopard National Park (NTLNP); government purchasing of ecological
services; payment for ecosystem services (PES); ecological compensation (EC); state-owned forest
enterprises (SOFEs)

1. Introduction

For national parks with state-owned land as the main body, the government is usu-
ally the provider of ecological services. Across the world, land in most national parks
is owned by the central or federal government [1]. The provision of ecological services
by the government is one of the best ways to solve the problem of positive externalities
of ecological services. However, the government still faces many problems in providing
ecological services. First, the government is not only the provider but also the producer
of ecological services and faces the problem of low efficiency [2]. For example, national
park management departments are scattered, and the management objectives of various
departments are mixed, resulting in weakened protection power; national parks directly
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managed by local governments are prone to the problem of focusing on development and
ignoring protection [3]. Second, the government has strict ecological protection responsibil-
ities. If the traditional production and lifestyle of residents in the national park is restricted
and alternative approaches have not been formed, strict protection will have a negative
impact on residents” income [4-6]. Third, there is the problem of distribution of rights and
responsibilities between the government and multi-stakeholders after the establishment of
the national park [7,8]. Therefore, it is of great functionality and research significance to
explore an ecological service supply model that takes into account the efficiency of supply-
ing ecological services and improves residents’ livelihood and the sensible distribution of
rights and responsibilities.

China’s Northeast Tiger and Leopard National Park (NTLNP) is a typical national
park dominated by state-owned land, the main protection targets are forest ecosystems
with Siberian tigers and Siberian leopards as flagship species. From the early days
of the founding of the People’s Republic of China in 1949 to the establishment of the
NTLNP, the ecological services within the NTLNP have mainly been undertaken by
the state-owned forest enterprises (SOFEs) (also known as Forest Bureau) and the local
government forest departments (LGFDs). The workers of SOFEs and LGFDs who are
engaged in afforestation, tending, and management are the most direct producers of
ecological services. After the establishment of the NTLNP, problems related to the supply
of ecological services gradually surfaced. First, the wage income level of the workers
who engaged in ecological services in the NTLNP is lower than that of workers in the
same province and across the country, and significantly lower than that of on-the-job
workers in the forest and grass industry'. By comparing the income sources of sample
worker families engaged in ecological services inside and outside the NTLNP, it was
found that the wage income level of workers and families engaged in ecological services
within the NTLNP is lower than that of worker families engaged in ecological services
outside the park [9]. Second, because the protection and management of various natural
resource assets in the park and the control of land and space use are all performed by
the NTLNP Administration [10], the distribution of rights and responsibilities between
the NTLNP Administration, SOFEs, and LGFDs must be clearly defined. Therefore, the
NTLNP urgently needs to construct an ecological services supply model that embeds
ecological, social, and management goals.

Government purchasing of public services is a means to improve government admin-
istrative efficiency and the quality of public services. It is widely used in promoting social
justice and improving the environment [11]. This study is based on the first-hand data
obtained from an investigation of the NTLNP in 2020, based on the theory of government
purchasing of public services. The government purchasing of ecological services model
is constructed with the five following components: institutional environment analysis,
driving factor analysis, responsibility system construction, purchase price strategy, and the
whole process evaluation chain. It attempts to address the following three core questions:
(1) Why purchase?—Analyze the drivers of government purchases of ecological services.
(2) How to purchase?—Clarify the distribution of rights and responsibilities of multiple
stakeholders in the government’s purchasing of ecological services. (3) How much?—
Develop pricing strategies for government purchases of ecological services. Solving the
above problems is of great significance for constructing a government purchasing ecological
services model that can be used as a reference.

The government purchasing of ecological services is still in the exploratory stage in
terms of theoretical system construction and practical operation. Compared with the lit-
erature, the marginal contribution of this study is mainly reflected in the following three
aspects: (1) Based on the research question, we explore the model of government pur-
chasing of ecological services, and further clarify the elements of the model. The current
international concept that is most similar to the government purchasing of ecosystem
services is government-funded payment for ecosystem services (PES) [12]; China’s Slop-
ing Land Conversion Program and Natural Forest Protection Program are representative
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of such PES projects [13]. Current research themes focus on the effect evaluation after the
implementation of the project [14-16]. There are no studies specifically addressing nor-
mative processes for government-funded PES projects. (2) From a theoretical perspective,
most existing studies are based on the idea of ecological economics and take the Coase
Theorem and Pigou Theory as their theoretical foundation. The research perspective is
how to incentivize and compensate producers of ecological services. The research on PES
represented by Wunder has formed a mature analytical framework [17]. It is applicable
to situations where the beneficiaries of ecosystem services are easily defined. There is a
lack of research on government-funded PES, which is difficult for users to identify and
define. This study focuses on the theoretical basis of public economics. The research is
based on the creation of a policy tool that embeds ecological, social, and management
objectives. It is more applicable to the issue of the supply mode of ecological services
in national parks under state-owned property rights. (3) In terms of research method,
based on the minimum wage standard method and the opportunity cost method, this
study formulates a pricing plan for the government purchasing of ecological services.
This plan includes aspects ranging from meeting the basic living needs of ecosys