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Simple Summary: The Yunnan snub-nosed monkey is one of the most endangered species on the
IUCN Red List. The study of its population changes and its habitat quality and rarity changes over
time are important for identifying opportunities for conserving and improving habitat quality while
minimizing the adverse impact on ongoing human socio-economic development. Conserving and
improving habitat quality is an important part of protecting and improving habitat diversity and
biodiversity. Minimizing adverse impact to human development is important for earning energetic
buy-in from the local people needed for long-term sustainability of such opportunities. Habitat
Quality measures the land cover for an area at a given point in time compared to the preferences
of a species or group of species. A high habitat quality indicates a large part of the area has land
cover the species prefers, such as Huashan Pine for the Yunnan snub-nosed monkey. Habitat Rarity
represents the change in rarity of a land coverage type (such as Huashan Pine) in an area over two
points in time. A high habitat rarity indicates the land coverage type significantly decreased between
the two points in time. A high Huashan Pine rarity, for example, means a significant decrease in
the Yunnan snub-nosed monkey’s most preferred land cover and hence will likely significantly
impact the monkey’s survival. Our analysis of the change in habitat quality and habitat rarity over
time indicate increases in socio-economic developments in the villages around the habitat area have
adversely affected the habitat quality and habitat rarity. This has resulted in a decline in biodiversity
persistence, resilience, and breadth. It also has exacerbated the risk of declining species populations,
potentially to extinction. Though focused on the Yunnan snub-nosed monkey, our approach toward
the assessment of habitat quality and rarity over time based on species habitat suitability introduces
a new perspective for assessing village development impacts on habitats for the conservation of
other species.

Abstract: The reduction in habitat quality (as shown, in part, by the increase in habitat rarity) is an
important challenge when protecting the Yunnan snub-nosed monkey. We used the InVEST model
to quantitatively analyze the dynamic changes in the habitat of the Yunnan snub-nosed monkey
from 1975 to 2022. The results show that in the study period, the degree of habitat degradation
increased, with the degradation range at its widest in the south, and the degradation intensity highest
in the north, especially along a center “spine” area in the north. Over the latter part of the study
period, the habitat quality of most monkey groups improved, which is conducive to the survival and
reproduction of the population. However, the habitat quality and monkey populations are still at
significant risk. The results provide the basis for formulating the protection of the Yunnan snub-nosed
monkey and provide research cases for the protection of other endangered species.
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1. Introduction

Climate change, changes in land use patterns, and human population expansion will
lead to continued fragmentation of primate habitats and decline in habitat quality [1–4].
This increase in habitat fragmentation will lead to the isolation of various primate popu-
lations, resulting in reduced genetic diversity of the population [1–4]. Hence, even if the
quality of an isolated habitat area is improved, the primate population may still decrease
due to this reduced genetic diversity [5–7]. The quality and fragmentation of a habitat area
is a useful measure for evaluating the viability of a primate species because of the tight
dependence of the species on the habitat [8,9]. Hence, the evaluation of habitat quality and
fragmentation, and deriving solutions from that evaluation to improve both, is critical for
the protection of monkeys and biodiversity in a region [10–12].

The Yunnan snub-nosed monkey is an endangered primate species unique to south-
west China, which is distributed in a narrow area between the Lancang and Jinsha rivers
in the middle of the Yunling Mountains, extending northward to Tibet [13–15]. It is a
primate living in both a dark coniferous forest and a mixed coniferous and broad-leaved
forest at an altitude of 3000–4000 m [5,13,16]. It has the highest altitude distribution of any
non-human primate [5,13,16]. The high-altitude virgin forests to which its habitat belongs
are a natural heritage site and contain the richest biodiversity of any temperate region in
the world [17,18]. It is globally recognized for its high levels of species diversity, as well as
for its wide range of habitats and ecosystems. Amongst the 30 ecosystems identified within
Yunnan according to the Chinese classification and the 114 forest types found here, there are
large numbers of endemic, threatened, and rare species. Although it only comprises 4.1%
of China’s total area, Yunnan contains a disproportionate amount of its biodiversity [19].

In recent years, this narrow area between the Lancang and Jinsha rivers has expe-
rienced habitat degradation, fragmentation, and significant loss of biodiversity [5,8,18].
This impact correlates with human population growth and increasing economic devel-
opment around the habitat area through activities such as farming, logging, and hunt-
ing [8,16,19–22]. More than 10 ethnic minorities, including Tibetan, Bai, Naxi, Yi, Pumi, Lisu,
Nu, and Dulong, live in and around the study area. They live in poverty, have poor access to
transportation, and realize low productivity from the land. Crop farming and animal graz-
ing are the main production methods for their survival. This introduces significant conflict
between community livelihoods and Yunnan snub-nosed monkey conservation [23–25].

The primary reasons for the decline in habitat quality include human activities and
significant changes in land use patterns [1,12,26–28]. The habitat quality module of the
InVEST model is effective at quantifying a habitat’s quality by evaluating habitat quality
indicators [11,28]. These indicators include land cover types, threat factors, and the rate of
decrease in the threat factor impact as the distance from the threat factor increases [11,28,29].
The InVEST model has more flexibility, higher reliability, easier access to data, and more
easily visualized results when compared with other models [9,29–31]. The InVEST model
has been used in habitat quality studies to address a wide range of questions with particular
focus on species conservation (e.g., shorebirds in the Yellow River Delta [32], the Dantoo
crane in the wetlands of Yancheng, Jiangsu [33], and grassland depression birds in North
America [34]).

This paper uses the InVEST model to analyze the dynamic changes in the habitat qual-
ity of the Yunnan snub-nosed monkey from 1975 to 2022, aiming to discuss the following
issues: (1) how to determine the distance threshold value (the distance at which a land use
type threat impact has fallen to 5% of the full value at the source) of the threat factor to
improve the accuracy of the model, (2) how the habitat quality, habitat degradation, and
habitat rarity in the study area has changed in the study period, and (3) discuss the impact
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of changing habitat quality on the population of Yunnan snub-nosed monkeys and put
forward protection strategies for the whole territory of these monkeys.

By using data on anthropogenic threats, land use, and expert knowledge, the InVEST
model can be used to obtain reliable indicators of current biodiversity responses to threats
and identify priority areas for conservation [1,12,30,35].

Previous studies on the habitat quality of the Yunnan snub-nosed monkey only car-
ried out preliminary discrimination and analysis based on monkey colony corridors and
potential suitable habitats due to the particularity of species distribution and the limitation
of data acquisition [5,36–40]. Previous research using the InVEST model to statically model
habitat quality studied the impact of villages on monkey habitat quality [12]. This paper
improves on that by looking at the habitat quality of the study area over several decades
while also expanding the study area to include the contiguous habitat which extends into
Tibet, providing a more complete set of data for analysis.

2. Materials and Methods
2.1. Study Area and Species

The study area is located at the Three Parallel Rivers region (98◦37′–99◦41′ E,
26◦14′—-29◦20′ N) [8]. Specifically, it includes Deqin, Weixi, Lijiang, Jianchuan, Lan-
ping, and Yunlong Counties in Yunnan, and Kangman County in Tibet, with a total area
of 17,026 km2.

Monkey populations were obtained from previous field investigation work which
occurred in 2007 and 2022 [8,41]. They were surveyed by tagging some monkeys with
GPS-based tracking devices and by photographing them [8,41]. Though the number of
groups between the two investigations are different (15 groups in 2007 and 17 in 2022),
their geographic locations are nearly identical, providing a good basis for comparison
analysis [8,41]. The data from these field investigations were mapped against the study
area using ArcGIS 10.2 to show the home range of each monkey group (Figure 1).

2.2. Land Use and Land Cover (LULC) and Normalized Difference Vegetation Index (NDVI)

LULC data for 1975, 1990, 2000, and 2022 were obtained from a supervised classifi-
cation of SPOT-5 images with ground-truthing by the Conservation Information Centre
of The Nature Conservancy’s China program [12]. Each land cover type was assigned a
Habitat Suitability rating for Yunnan snub-nosed monkeys. These ratings are: most suitable
(with a value of 1.0), suitable (0.8), less suitable (0.6), unsuitable (0.2), and obstructive
(0.0) [12,37].

NDVI data from 1975, 1990, 2000, and 2022 were obtained from four-phase Landsat
image data (https://earthexplorer.usgs.gov/ (accessed on 10 December 2022)) calculated us-
ing the maximum value synthesis method. Maximum value synthesis is a standard method
for improving the accuracy of land coverage classification from satellite images by reducing
or eliminating interference from factors such as cloud coverage and air pollution [42].

As both NDVI and LULC data were obtained from image interpretations of the same
areas, the LULC and NDVI change in concert with each other [42].

2.3. Habitat Quality Assessment

The InVEST model evaluates habitat quality by computing a habitat quality score
based on land use, land cover, and biodiversity stress factors across various LULC types in
a defined area along with the respective degrees of degradation of these types over time.
Habitat rarity score (the relative commonness of the habitat state compared to a baseline
state of the same location) is also calculated using the InVEST model. The resulting habitat
quality score (sometimes simply referred to as habitat quality) and habitat rarity score
(sometimes simply referred to as habitat rarity) can be used together to reflect biodiversity
within the analyzed area [9,29–31,43].

https://earthexplorer.usgs.gov/
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Qxj indicates the quality of habitat in parcel x that is in LULC j; Hj is the habitat
suitability of LULC type j; z is a scaling parameter set at 2.5; k is the half-saturation constant
set at 0.5; Dxj indexes the total threat level in grid cell x with LULC type j [37,43].

Dxj =
R

∑
r=1

Yr

∑
y=1

(
wr

∑R
r=1 wr

)
ryirxyβxSjr

Dxj indexes the total threat level in grid cell x with LULC type j; y indexes all grid cells
on r’s raster map; Yr indicates the set of grid cells on r’s raster map; wr is the degradation
source’s weight, indicating the relative destructiveness of a degradation source to all
habitats (wr ∈ [0, 1]); irxy indexes the impact of threat r that originates in grid cell y on
habitat in grid cell x; βx is the level of accessibility in grid x, ranging from 0 (no accessibility)
to 1 (complete accessibility) and represents the legal, institutional, social, and/or physical
protection of the location (low protection = high accessibility); Sjr ∈ [0, 1] indicates the
sensitivity of LULC j to threat r (values closer to 1 indicate greater sensitivity). We used the
model defaults for βx [37,43].

irxy = exp
(
−
(

2.99
drmax

)
dxy

)
irxy indexes the impact of threat r that originates in grid cell y on habitat in grid cell x;

dxy is the linear distance between grid cells x and y; drmax is the distance threshold value
of threat r’s reach across space [43].

Rj = 1−
(

Nj

Njbaseline + Nj

)

Rj is rarity of LULC type j, compared to a baseline map; Nj the area of grid cells of
LULC j on the current map; Njbaseline gives the area of grid cells of LULC j on the baseline
map [43].

Rx =
j

∑
x=1

δxjRj

Rx is the overall rarity of habitat type in grid cell x; δxj = 1 if grid cell contains LULC
type j on the current map, and =0 otherwise; Rj is rarity of LULC type j, compared to a
baseline map [43].

While the InVEST model may appear to have intended its use to be for impacts of
edge effects, we believe this model is appropriate for analyzing the habitat for a single
species. This is because of the spatial nature of patterns in biodiversity, because LULC
maps represent conditions spatially, and because threats to the habitat which are included
in the model have a ranging impact, and hence also have spatial impact. The InVEST model
applies the spatial threat impacts against the LULC map to provide maps on habitat quality
and habitat degradation (or perhaps habitat improvement, if that is the case) [43]. Thus, a
single-species habitat quality area can be evaluated using the InVEST model.

We used LULC data from 1975 to 2022, selecting Other Non-Forestry Land, Artificial
Economic Forest, Cropland, and Artificial Construction as the threat factors to habitat
quality to estimate the 1975 to 2022 habitat quality of the Yunnan snub-nosed monkey dis-
tribution area. While there are other threat factors, such as roads and degree of community
development, such threat factors tend to overlap [12,20,39]. Hence, we focused on these
four as a balance between including all threats and not counting the same threat multiple
times [12,20,39].

We standardize the LULC raster data and the threat source raster data, unifying them
into a 30 m WGS 84 coordinate system. The weight of threat factors and the suitability
and sensitivity parameters of land cover types were determined by combining literature
research, discussion from experts in the areas of animal ethology and primates, discussion
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from workers in protected land areas, and the actual situation of the Yunnan snub-nosed
monkey habitat through field surveys. Each land cover type was assigned a Habitat
Suitability rating for Yunnan snub-nosed monkeys, with values ranging from 1.0 to 0.0, as
seen in Table 1 [37]. The parameter values were then processed to obtain the sensitivity of
land cover types to threats [11,38,44,45] (Table 1).

Table 1. Sensitivity of land cover types to threats.

Habitat Sensitivity to Each Threat

Land Cover Types Suitability ONFL AEF Crop AC

Alpine coniferous forest 0.6 0.4 0.3 0.4 0.8
Shrub 0.8 0.5 0.3 0.4 0.8

Huashan pine 1 0.5 0.4 0.5 0.9
Barren 0.2 0.2 0.1 0.1 0.2
Snow 0.2 0.2 0.1 0.1 0.2

Broadleaf forest 0.6 0.4 0.3 0.4 0.8
Water 0.2 0.2 0.1 0.1 0.2

Hard-leaved evergreen spruce forest 0.8 0.5 0.3 0.4 0.8
Spruce forest 1 0.5 0.4 0.5 0.9

Yunnan pine forest 0.2 0.2 0.3 0.1 0.2
Mixed coniferous forest 1 0.5 0.4 0.5 0.9

Note: ONFL refers to Other Non-Forestry Land, AEF refers to Artificial Economic Forest, Crop refers to Cropland,
and AC refers to Artificial Construction.

The distance threshold value is based on the maximum correlation coefficient between
the NDVI and the land use type for that point in time. The values of NDVI and the
area of threat factors (Other Non-Forestry Land, Economic Forest, Cropland, Artificial
Construction) in 1975, 1990, 2000, 2020 with buffer zones of 1 km, 1.5 km, 2 km, 2.5 km,
3 km, 3.5 km, 4 km, 4.5 km, and 5 km radius were processed through ArcGIS10.8.

Cluster analysis was conducted on the NDVI values and the threat factors of the area
to eliminate redundant variables and abnormal values in the scatter plot [46]. Through
correlation analysis, we investigated whether there was any relationship between threat
factors (Land Use) and NDVI of surrounding grid squares at various distances away
from the grid square and what the strength of the relationship was [47]. If the Pearson
correlation coefficient was greater than 0.5 (the larger the correlation, the more correlated
it is) and the two-tailed correlation was less than 0.05 (excluding chance and passing the
test), the correlation was high [47]. Because it was not necessary to determine the specific
mathematical form of correlation between variables, an exponential regression or GLM
was not performed [47,48] (Table 2).

Table 2. Threshold distances of threat factors at each point in time.

Threat Factors
Distance Threshold Value (km)

1975 1990 2000 2022

Other Non-Forestry Land 1.5 4.5 5 5
Economic Forest 1 3 2 3.5

Cropland 1 3 2 3.5
Artificial Construction 1.5 4.5 5 5

Though we did compare the changes in habitat quality over time to monkey population
changes over nearly the same time, we did not deeply analyze the relationship between the
habitat quality score and monkey population size because previous studies and research
findings have shown the significance of habitat changes (especially loss and fragmentation)
as causes of population declines in animal species, and particularly so in primates because
of their high habitat dependence [49].
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3. Results
3.1. Distance Threshold of Threat Factors

During the study period, the distance threshold of the impact of each threat factor
trended upward. This distance threshold has more than tripled between 1975 and 2022 for
every threat factor (Table 2).

3.2. Temporal and Spatial Changes in Habitat Degradation in the Distribution Area of Yunnan
Snub-Nosed Monkey

The degree of habitat degradation in the distribution area of the Yunnan snub-nosed
monkey has increased over the study period, with the key areas of habitat degradation
primarily located in the villages in the more southern and more northern portions of
the study area, though in different ways. The more southern portions have experienced
degradation across the widest area, whereas the more northern portions have experienced
the most severe degradation (Figure 2).
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Figure 2. Mapping and trend of habitat degradation.

The spatial statistics of the degrees of habitat degradation show an overall upward
trend. Further, the maximum value of the habitat degradation degree rose from 1.2160
to 1.2708. The primary degradation occurred between 1975 and 1990. There was a small
decrease (improvement) between 1990 and 2000 in both the average degradation and
highest degradation; however, between 2000 and 2022 the degradation increased again,
exceeding 1990′s numbers (Table 3).
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Table 3. Degree of habitat degradation at each point in time.

Degradation Values 1975 1990 2000 2022

Lowest 0.0000 0.0000 0.0000 0.0000
Average 0.0494 0.1380 0.1353 0.1524
Highest 1.2160 1.2474 1.2338 1.2708

Standard deviation 0.1192 0.1942 0.1867 0.2037

The areas of Highest, High, and Medium Degradation have increased significantly. The
area of High Degradation shows the largest growth rate, from 1888.42 km2 in 1975 (11.09%
of the area) to 4951.21 km2 (29.08%) in 2022. The areas of Low and Lowest Degradation
decreased, with the area of Low Degradation decreasing the most, down from 36.34% in
1975 to 12.92% in 2022 (Table 4).

Table 4. Trends of habitat degradation status.

Habitat
Degradation

Degradation
Value Range

1975 1990 2000 2022

Area
(km2) % Area

(km2) % Area
(km2) % Area

(km2) %

Lowest Degradation <0.003 5154.04 30.27 3007.51 17.66 2853.97 16.76 2804.05 16.47
Low Degradation ≥0.003, <0.016 6186.69 36.34 2726.33 16.01 2280.16 13.39 2199.17 12.92

Moderate Degradation ≥0.016, <0.069 3000.05 17.62 3876.97 22.77 4292.63 25.21 3987.17 23.42
High Degradation ≥0.069, <0.285 1888.42 11.09 4672.36 27.44 4975.88 29.22 4951.21 29.08

Highest Degradation ≥0.285 797.06 4.68 2743.10 16.11 2623.63 15.41 3084.66 18.12

3.3. Spatial and Temporal Variation of Habitat Quality in Yunnan Snub-Nosed Monkey

During the study period, the overall spatial distribution characteristics show the area
of low habitat quality is increasing across the board, though the northern sections have
consistently significantly higher habitat quality than the southern sections (Figure 3). The
striking decline in habitat quality seen in the northern peninsulas of land between 1975 and
1990 was primarily due to the aggressive increase in economic forestry, cropland, artificial
construction, and other non-forestry land uses by the local population. We determined this
by comparing the land use and habitat maps of 1975 and 1990 with GIS spatial superposition
and observed a significant increase in these land use types in these areas.

The Habitat Quality Score average trended downward over the study period, indi-
cating a decline in the overall Habitat Quality for the area. The average habitat quality
dropped from 0.4880 to 0.4223 between 1975 and 2022, with the period from 1975 to 1990
seeing the biggest drop (~82% of the total drop). There was a slight improvement between
1990 and 2000. However, that was short lived, with 2022 showing an average lower than
1990. The standard deviation of the Habitat Quality Score also dropped, reducing from
0.3626 in 1975 down to 0.3382 in 2022, indicating a tightening of the range of Habitat Quality
over time. Unlike the average quality, the standard deviation continued to decline over
each of the years (Table 5).

Table 5. Habitat Quality Score at each point in time.

Habitat Quality Score 1975 1990 2000 2022

Average 0.4880 0.4348 0.4359 0.4233
Standard deviation 0.3626 0.3442 0.3423 0.3382

The areas of highest and high habitat quality are decreasing over time. The area of
high habitat quality has the largest decline rate, from 2784.80 km2 (16.36% of the area) in
1975 to 2041.21 km2 (11.99%) in 2022. The moderate habitat quality area remains consistent
(±0.68%) over the study period. The areas of low and lowest habitat quality show an
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increasing trend, with the area of low habitat quality having the largest growth, rising
significantly from 2.76% in 1975 to 7.96% in 2022. For both lowest- and low-quality areas
and highest- and high-quality areas, most of the change occurred between 1975 and 1990.
Low-quality areas went up and down between 1990 and 2022, but overall did not change
much. The highest quality areas went up slightly between 1990 and 2000 before dropping
by nearly 1% between 2000 and 2022. The lowest- and high-quality areas increased and
decreased, respectively, throughout the entire time (Table 6).
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Table 6. Trends of habitat quality status.

Habitat Quality
Status

Habitat Quality
Score Range

1975 1990 2000 2022

Area
(km2) % Area

(km2) % Area
(km2) % Area

(km2) %

Lowest <0.2 7714.32 45.31 7972.65 46.83 8025.75 47.14 8137.49 47.79
Low ≥0.2, <0.4 469.54 2.76 1232.95 7.24 1151.79 6.76 1355.57 7.96

Moderate ≥0.4, <0.6 2562.49 15.05 2640.68 15.51 2679.01 15.73 2626.50 15.43
High ≥0.6, <0.8 2784.80 16.36 2184.11 12.83 2157.00 12.67 2041.21 11.99

Highest ≥0.8 3495.11 20.53 2995.89 17.60 3012.71 17.69 2865.50 16.83

3.4. Temporal and Spatial Variations in Habitat Rarity

Habitat rarity across the study area has increased (degraded) over the study period of
1975 to 2022. The 1975–1990 and 2000–2022 habitat rarity increases are happening primarily
in the southern region. However, we also see significant rarity increases in both 1975–1990
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and 1990–2000 in a central “spine” portion of the northern area (Figure 4). This increase is
primarily due to the local population’s increase in other non-forestry land use in that area. We
determined this by comparing the land use and habitat maps 1975, 1990, and 2000 with GIS
spatial superposition and observed a significant increase in this land use type in that area.
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From 1975 to 1990 we see a rarity increase (including significant rarity) in 46.12% of
the area, with significant rarity alone showing an increase in 4.30% of the area. Additionally,
51.01% of the area decreased or significantly decreased in rarity. From 1990 to 2000, habitat
rarity increased in nearly the entire study area (95.16%, including significant rarity). From
2000 to 2022, we see improvement via a drop back down to 49.62% of the study area increase
in habitat rarity and no areas of significant increase in rarity. However, there also were no
areas of significant decrease in rarity (Table 7). The ranges of Habitat Rarity Scores used to
denote each category were informed by the Habitat Rarity section of the Habitat Quality
model information in the InVEST model user’s guide [43].

Table 7. Trends of habitat rarity status.

Habitat Rarity
Status

Habitat Rarity
Score Range

1975–1990 1990–2000 2000–2022

Area (km2) % Area (km2) % Area (km2) %

Significant
decrease <−0.100 684.53 4.02 783.56 4.60 0.00 0.00

Decrease ≥−0.100, <−0.001 8000.68 46.99 0.00 0.00 628.59 3.69
Little to no change ≥−0.001, <+0.001 488.29 2.87 39.28 0.23 7949.53 46.69

Increase ≥+0.001, <+0.100 7120.37 41.82 15,570.92 91.45 8448.16 49.62
Significant increase ≥+0.100 732.40 4.30 632.51 3.71 0.00 0.00
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3.5. Dynamic Analysis of Habitat Quality

The habitat quality of most of the monkey groups (11 out of 18) improved between
2000 and 2022. The average value of the Habitat Quality Score rose from 0.7384 to 0.8175.
The improvement of the habitat quality of the 11 monkey groups that had improved habitats
will be beneficial to the reproduction of the Yunnan snub-nosed monkey. However, the
habitat quality of seven monkey groups (Xiaochangdu, Milaka, Gehuaqing, Shikuadi, Anyi,
Baijixun, and Longma) is declining. Additionally, while the habitat quality for the Bamei
group did increase, this increase was nominal. These eight monkey groups should receive
more attention in future research. The Dapingzi group’s habitat quality improvement was
also nominal, but as this group was extinct by 2022, it cannot be included in future research
(Tables 8 and 9).

Table 8. Changes in habitat quality of bands of R. bieti between 2000 to 2022.

ID Site
Population of

R. bieti Habitat Quality Score

2007 2022 2000 2022

G1 Zhina 50 80 0.6295 0.6521
G2 Xiaochangdu >200 280 0.3242 0.2389
G3 Milaka 100 60 0.2771 0.2261
G4 Bamei 80 100 0.5345 0.5452
G5 Wuyapuya >300 400 0.6911 0.8022
G6 Cikatong 50 50 0.7911 0.8677
G7 Guyoulong (guilong) 100 80 0.7723 0.9642
G8 Shiba 200 200 0.8156 0.9577
G9 Guomorong (Xiangguqing) >900 480 0.7863 0.8661

G9.1 Gehuaqing —— 450 0.7184 0.7064
G9.2 Shikuadi —— 120 0.7074 0.6954
G10 Akou (Anyi) 30 40 0.8693 0.8403

G10.1 Baijixun (Yongan) —— 40 0.7411 0.6934
G11 Jinsichang 250 310 0.8797 0.9399
G12 Dapingzi <50 0 0.7782 0.7808
G13 Longma 120 140 0.5377 0.5099
G14 Lashashan 100 130 0.6450 0.7804
G15 Neidaqin (Fuhe) >100 120 0.7989 0.8367

Table 9. Impact of the order of magnitude of change in the Habitat Quality Score.

Change in Score Impact

−0.9999 to −0.1000 Significant degradation—urgent action needed
−0.0999 to −0.0100 Impactful degradation—needs addressing soon
−0.0099 to −0.0010 Weak degradation
−0.0009 to +0.0009 Negligible impact
+0.0010 to +0.0099 Weak improvement
+0.0100 to +0.0999 Impactful improvement—things are slowly getting better
+0.1000 to +0.9999 Significant improvement—things are rapidly getting better

4. Discussion

The degree of habitat degradation reflects the degree of impact of habitat threat factors
on land cover types. The higher the degree of habitat degradation, the greater the possibility
of habitat destruction in the future.

We speculate that the habitat degradation of the Yunnan snub-nosed monkey from
1975 to 2022 may largely be due to recent societal and economic developments of the
human populations in and around the study area, which consist of many ethnic minorities
who traditionally relied on hunting for their survival [23–25]. This societal and economic
shift has led to an increase in human developments and expansion of land use types
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that are a threat to the monkey’s habitat, increasing habitat fragmentation and reducing
habitat quality [12]. Historically, the monkey population’s key threat factor was hunting by
humans [23–25]. Today, habitat loss and fragmentation are the monkey population’s key
threat factors [15,22].

To help protect and improve these habitats for the future, monitoring of habitats
needs to be strengthened and the habitats of Yunnan snub-nosed monkeys in the whole
territory need to be integrated with sympatric species. Providing habitat corridors to
connect isolated habitat areas is one approach that could help.

In the InVEST model, habitat quality and habitat rarity act as proxies for biodiversity,
ultimately estimating the extent of habitat and vegetation types across a landscape, and
their state of degradation. While mapping habitat quality can help to identify areas where
biodiversity is likely to be most intact or imperiled, it is also critical to evaluate the relative
rarity of habitats on the landscape regardless of quality. In many conservation plans,
habitats that are rarer are given higher priority because options and opportunities for
conserving them are limited and if all such habitats are lost, so too are the species and
processes associated with them. Through the superimposed analysis of the distribution
range, the LULC category and habitat scarcity map, the land use planning can be further
protected by Yunnan snub-nosed monkeys [43,49].

Habitat quality scores reflect the degree of fragmentation of habitat patches and the
ability of habitats to resist interference from threats. The habitat degradation scores are
based on the land use and land cover (LULC) surrounding each grid square, not the quality
of the grid square itself (NDVI). The InVEST Habitat Quality model combines information
on LULC and threats to biodiversity to produce habitat quality maps, ultimately estimating
the extent of habitat and LULC types across a landscape and their state of degradation.
Studies have shown that because the southern region is dominated by cropland and artificial
construction, the habitat quality is relatively poor. We have seen in this paper that this
area has continued to decline in quality over the entire study period. With the acceleration
of urbanization, the degradation of habitat quality is also accelerating. Future protection
should give priority to such low habitat quality areas.

Additionally, priority should be given to key monkey groups which are experiencing
habitat quality reduction (Xiaochangdu, Milaka, Longma, and Anyi) and geographic isola-
tion (Bamei). Further, the Gehuaqing and Shikuadi monkey groups should be prioritized,
as they are new and potentially at higher risk of population instability.

Habitat rarity reflects the degree of change in fragmentation of land coverage types
and the stability of regional ecological security pattern [43,50]. The higher the habitat
rarity score, the larger the degree of change. If habitat patches of the land coverage type
are damaged, the habitat quality and the stability of the ecological security pattern in the
region may be severely adversely affected. Rarer habitats require higher conservation
priority because the options and opportunities to protect them are very limited, and if all
such habitats disappear, the species and ecosystem processes associated with them will
also disappear.

Steps to take to improve habitat quality in the study area and promote genetic diversity
across monkey groups include:

• Increasing the connectivity of habitat patches through the building and fostering of
habitat corridors, especially improving connectivity of lower-quality habitat areas to
those of higher habitat quality.

• Reversing the severe fragmentation of the monkey groups of low-quality habitat
patches by improving the habitat quality between the low-quality patches beyond
building habitat corridors.

• Reducing the threat impact (both distance and degree) of existing threats from hu-
man activities in and around the study area, such as current crop production and
existing buildings.

• Eliminating the threat impact of new land use when it is desired by the human
population, such as if people are looking to increase crop production or build new
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structures. This needs to be a key part of the initial planning process, as well as an
ongoing part of the land use execution.

• Beginning or increasing community participation, friendly development, and public
involvement to work toward a sustainable and healthy increase in snub-nosed monkey
habitat quality and an overall improvement in habitat ecosystem health [14].

• Promoting community and public participation in the conservation of snub-nosed
monkey habitat quality. Exploring Yunnan snub-nosed monkey-friendly community
development, carrying out Yunnan snub-nosed monkey-friendly community develop-
ment projects, creating a brand with the theme of Yunnan snub-nosed monkey habitat
conservation, developing ecological agricultural products and traditional handicrafts,
and assisting with connecting to external markets [51].

• Improve education through constructing a nature center for Yunnan snub-nosed mon-
keys, conducting nature education and ecological guided tours on the theme of Yunnan
snub-nosed monkeys to benefit from public participation in conservation, creating
more public awareness of Yunnan snub-nosed monkeys and the importance of their
conservation, and attracting potential support to establish a sustainable conservation
mechanism [52].

In terms of future research directions, we are working on predicting and planning
the quality of snub-nosed monkey habitat under different future land use scenarios and
analyzing how climate change and population growth will affect snub-nosed monkey
populations, ecosystem services, and biodiversity. We are also working on helping to
provide strategies to address the future conservation of the species to protect the diversity
of biological activities, improve human livelihoods, delineate the ideal range for promoting
harmonious coexistence between humans and nature, and design permissible mitigation
options for economic development and species conservation.

The use of InVEST not only allows for more accurate determination and visualization
of the range of each class of habitat quality of Yunnan snub-nosed monkeys, but also allows
for the conservation of other endangered species. For Sichuan snub-nosed monkeys in
Sichuan, the habitat suitability pattern of Sichuan snub-nosed monkeys was constructed
by calculating each variable factor affecting the habitat through the maximum entropy
model [53]. For giant pandas in China, habitat models were established through field
surveys as well as remote sensing data, and several different scenarios were simulated to
delineate protection red lines covering different proportions of giant panda habitat, which
can both effectively improve habitat connectivity and constrain human interference [54].
For elephants in India, the geospatial components of the landscape were fully considered to
delineate suitable and unsuitable habitats for elephants, helping to avoid human conflicts
and protecting the elephants [55]. In some areas where habitats were damaged due to
human interference and industrialization, connectivity models were used to maximize the
connection to the number of habitats [56]. As seen through these conservation measures,
the use of InVEST can not only more accurately determine the habitat quality of each
preferred land use type of Yunnan snub-nosed monkeys and determine suitable habitat,
but also visualize it, making it easier to delineate areas more accurately for protection.

5. Conclusions

The changes in habitat degradation, habitat quality, and habitat rarity of the Yunnan
snub-nosed monkey were analyzed from 1975 to 2022. To accomplish this, the Land Use
and Land Cover data from satellite images, as well as NDVI data from satellite images,
were extracted for the study area from four points in time—1975, 1990, 2000, and 2022.
We derived the habitat suitability and threat sensitivity of the Land Cover types. We
determined the maximum distances that threats affected land cover types, by how much,
and in what mathematical manner they decrease over distances (linear or exponential).
These data were processed through the InVEST model, which finally provided us with the
habitat degradation, habitat quality, and habitat rarity data.
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By conducting this analysis for multiple points in time, we were able to look at trends
over time across the study area and compare this information to the change in monkey
populations throughout the study area between 2007 and 2022. This change in monkey
populations included the extinction of one of the monkey groups and the emergence of two
new groups.

From these computations and analyses, we identified areas for focus and recom-
mended actions to take to help slow, stop, and hopefully, in time, reverse the ongoing
habitat degradation which continues to put the Yunnan snub-nosed monkey populations
at risk.

In addition to the specific findings in this paper, we explored a new method of
evaluating the habitat quality of species via the InVEST model, which lays an important
foundation for accurate and scientific evaluation of habitat quality and can be an example
for the research on other species.

Author Contributions: Data curation, S.Z. and H.T.; formal analysis, T.J.S.; investigation, S.Z., L.L.,
H.T., G.W., H.G. and D.L.; methodology, L.L., G.W. and D.L.; supervision, L.L.; validation, T.J.S. and
D.L.; visualization, H.G.; writing—original draft, S.Z.; writing—review and editing, L.L., T.J.S., G.W.
and D.L. All authors have read and agreed to the published version of the manuscript.

Funding: Financial support was provided by the project of the National Natural Science Foundation
of China (No. 32070454), the Second Tibetan Plateau Scientific Expedition and Research Program (No.
2019QZKK0501), and the Biodiversity Survey and Assessment Project of the Ministry of Ecology and
Environment, China (No. 2019HJ2096001006).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request.

Acknowledgments: We thank the Administration of Baima Snow Mountain Nature Conservation
Bureau for its support during the field work. This research has been conducted within the context of
the GDRI (international Research Network) Ecosystem Health and Environmental Disease Ecology.

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

References
1. Zhao, X.; Ren, B.; Garber, P.A.; Li, X.; Li, M.; Vaclavik, T. Impacts of human activity and climate change on the distribution of

snub-nosed monkeys in China during the past 2000 years. Divers. Distrib. 2018, 24, 92–102. [CrossRef]
2. Vögeli, M.; Serrano, D.; Pacios, F.; Tella, J.L. The relative importance of patch habitat quality and landscape attributes on a

declining steppe-bird metapopulation. Biol. Conserv. 2010, 143, 1057–1067. [CrossRef]
3. Yu, Y.; He, G.; Li, D.Y.; Zhao, X.M.; Chang, J.; Liu, X.C.; Xiang, Z.F.; Li, B.G.; Li, M. Climate change challenge, extinction risk,

and successful conservation experiences for a threatened primate species in China: Golden snub-nosed monkey (Rhinopithecus
roxellana). Zool. Res. 2022, 43, 940–944. [CrossRef]

4. Ye, X.; Wu, Q.; Li, X.; Zhao, X. Incorporating interspecific relationships into species distribution models can better assess the
response of species to climate change, a case study of two Chinese primates. Ecol. Indic. 2022, 142, 109255. [CrossRef]

5. Li, W.; Clauzel, C.; Dai, Y.; Wu, G.; Giraudoux, P.; Li, L. Improving landscape connectivity for the Yunnan snub-nosed monkey
through cropland reforestation using graph theory. J. Nat. Conserv. 2017, 38, 46–55. [CrossRef]

6. Xiao, W.; Ding, W.; Cui, L.-W.; Zhou, R.-L.; Zhao, Q.-K. Habitat degradation of Rhinopithecus bieti in Yunnan, China. Int. J. Primatol.
2003, 24, 389–398. [CrossRef]

7. Tianlu, Q.; Shujie, Q.; Zhaoning, W.; Changbai, X.; Jiechen, W. Impacts of human interference on the potential distribution of
Yunnan snub-nosed monkeys by MaxEnt model. Acta Theriol. Sin. 2022, 42, 349.

8. Zhao, X.; Ren, B.; Li, D.; Xiang, Z.; Garber, P.A.; Li, M. Effects of habitat fragmentation and human disturbance on the population
dynamics of the Yunnan snub-nosed monkey from 1994 to 2016. PeerJ 2019, 7, e6633. [CrossRef] [PubMed]

9. Ren, B.; Wang, Q.; Zhang, R.; Zhou, X.; Wu, X.; Zhang, Q. Assessment of Ecosystem Services: Spatio-Temporal Analysis and the
Spatial Response of Influencing Factors in Hainan Province. Sustainability 2022, 14, 9145. [CrossRef]

10. Nelson, E.; Mendoza, G.; Regetz, J.; Polasky, S.; Tallis, H.; Cameron, D.; Chan, K.M.A.; Daily, G.C.; Goldstein, J.;
Kareiva, P.M.; et al. Modeling multiple ecosystem services, biodiversity conservation, commodity production, and tradeoffs at
landscape scales. Front. Ecol. Environ. 2009, 7, 4–11. [CrossRef]

11. Zhu, C.; Zhang, X.; Zhou, M.; He, S.; Gan, M.; Yang, L.; Wang, K. Impacts of urbanization and landscape pattern on habitat
quality using OLS and GWR models in Hangzhou, China. Ecol. Indic. 2020, 117, 106654. [CrossRef]

https://doi.org/10.1111/ddi.12657
https://doi.org/10.1016/j.biocon.2009.12.040
https://doi.org/10.24272/j.issn.2095-8137.2022.198
https://doi.org/10.1016/j.ecolind.2022.109255
https://doi.org/10.1016/j.jnc.2017.06.002
https://doi.org/10.1023/A:1023009518806
https://doi.org/10.7717/peerj.6633
https://www.ncbi.nlm.nih.gov/pubmed/30886785
https://doi.org/10.3390/su14159145
https://doi.org/10.1890/080023
https://doi.org/10.1016/j.ecolind.2020.106654


Biology 2023, 12, 886 15 of 16

12. Zhu, S.; Li, L.; Wu, G.; Liu, J.; Slate, T.J.; Guo, H.; Li, D. Assessing the Impact of Village Development on the Habitat Quality of
Yunnan Snub-Nosed Monkeys Using the INVEST Model. Biology 2022, 11, 1487. [CrossRef]

13. Long, Y.; Kirkpatrick, C.R.; Zhongtai; Xiaolin. Report on the distribution, population, and ecology of the yunnan snub-nosed
monkey (Rhinopithecus bieti). Primates 1994, 35, 241–250. [CrossRef]

14. Wang, H.; Xu, H.; Li, Y.; Xu, Z.; Ding, W.; Xiao, W.; Ye, H. New distribution records for the endangered black-and-white
snub-nosed monkeys (Rhinopithecus bieti) in Yunnan, China. Folia Zool. 2019, 68, 79. [CrossRef]

15. Xia, W.; Zhang, C.; Zhuang, H.; Ren, B.; Zhou, J.; Shen, J.; Krzton, A.; Luan, X.; Li, D. The potential distribution and disappearing
of Yunnan snub-nosed monkey: Influences of habitat fragmentation. Glob. Ecol. Conserv. 2020, 21, e00835. [CrossRef]

16. Ren, G.-P.; Yang, Y.; He, X.-D.; Li, G.-S.; Gao, Y.; Huang, Z.-P.; Ma, C.; Wang, W.; Xiao, W. Habitat evaluation and conservation
framework of the newly discovered and critically endangered black snub-nosed monkey. Biol. Conserv. 2017, 209, 273–279.
[CrossRef]

17. Li, H.; Guo, W.; Liu, Y.; Zhang, Q.; Xu, Q.; Wang, S.; Huang, X.; Xu, K.; Wang, J.; Huang, Y.; et al. The Delineation and Ecological
Connectivity of the Three Parallel Rivers Natural World Heritage Site. Biology 2022, 12, 3. [CrossRef] [PubMed]

18. Fu, R.; Li, L.; Yu, Z.; Afonso, E.; Giraudoux, P. Spatial and temporal distribution of Yunnan snub-nosed monkey, Rhinopithecus
bieti, indices. Mammalia 2019, 83, 103–109. [CrossRef]

19. Zomer, R.J.; Xu, J.; Wang, M.; Trabucco, A.; Li, Z. Projected impact of climate change on the effectiveness of the existing protected
area network for biodiversity conservation within Yunnan Province, China. Biol. Conserv. 2015, 184, 335–345. [CrossRef]

20. Hack, J.; Molewijk, D.; Beißler, M.R. A Conceptual Approach to Modeling the Geospatial Impact of Typical Urban Threats on the
Habitat Quality of River Corridors. Remote Sens. 2020, 12, 1345. [CrossRef]

21. Nuchel, J.; Bocher, P.K.; Xiao, W.; Zhu, A.X.; Svenning, J.C. Snub-nosed monkeys (Rhinopithecus): Potential distribution and its
implication for conservation. Biodivers. Conserv. 2018, 27, 1517–1538. [CrossRef] [PubMed]

22. Li, C.; Zhao, X.; Li, D.; Garber, P.A.; Xiang, Z.; Li, M.; Pan, H. Impact of cost distance and habitat fragmentation on the daily path
length of Rhinopithecus bieti. PeerJ 2020, 8, e9165. [CrossRef] [PubMed]

23. Quan, R.-C.; Huang, Y.; Warren, M.W.; Zhao, Q.-K.; Ren, G.; Huo, S.; Long, Y.; Zhu, J. How Human Household Size Affects the
Habitat of Black-and-White Snub-Nosed Monkeys (Rhinopithecus bieti) in Hongla Snow Mountain Nature Reserve in Tibet, China.
Int. J. Primatol. 2011, 32, 1190–1202. [CrossRef]

24. Liu, J.; Li, D.; Matsuzawa, T.; Hirata, S. The Lisu people’s traditional natural philosophy and its potential impact on conservation
planning in the Laojun Mountain region, Yunnan Province, China. Primates 2021, 62, 153–164. [CrossRef]

25. Xiang, Z.-F.; Huo, S.; Wang, L.; Cui, L.-W.; Xiao, W.; Quan, R.-C.; Tai, Z. Distribution, status and conservation of the black-and-
white snub-nosed monkey Rhinopithecus bieti in Tibet. Oryx 2007, 41, 525–531. [CrossRef]

26. Kija, H.K.; Ogutu, J.O.; Mangewa, L.J.; Bukombe, J.; Verones, F.; Graae, B.J.; Kideghesho, J.R.; Said, M.Y.; Nzunda, E.F. Spatio-
Temporal Changes in Wildlife Habitat Quality in the Greater Serengeti Ecosystem. Sustainability 2020, 12, 2440. [CrossRef]

27. Zhang, T.; Gao, Y.; Li, C.; Xie, Z.; Chang, Y.; Zhang, B. How Human Activity Has Changed the Regional Habitat Quality in an
Eco-Economic Zone: Evidence from Poyang Lake Eco-Economic Zone, China. Int. J. Environ. Res. Public Health 2020, 17, 6253.
[CrossRef] [PubMed]

28. Ding, Q.; Chen, Y.; Bu, L.; Ye, Y. Multi-Scenario Analysis of Habitat Quality in the Yellow River Delta by Coupling FLUS with
InVEST Model. Int. J. Environ. Res. Public Health 2021, 18, 2389. [CrossRef]

29. Chen, C.; Liu, J.; Bi, L. Spatial and Temporal Changes of Habitat Quality and Its Influential Factors in China Based on the InVEST
Model. Forests 2023, 14, 374. [CrossRef]

30. Aneseyee, A.B.; Noszczyk, T.; Soromessa, T.; Elias, E. The InVEST Habitat Quality Model Associated with Land Use/Cover
Changes: A Qualitative Case Study of the Winike Watershed in the Omo-Gibe Basin, Southwest Ethiopia. Remote Sens. 2020, 12,
1103. [CrossRef]

31. Xu, L.; Chen, S.; Xu, Y.; Li, G.; Su, W. Impacts of Land-Use Change on Habitat Quality during 1985–2015 in the Taihu Lake Basin.
Sustainability 2019, 11, 3513. [CrossRef]

32. Li, X.; Hou, X.; Song, Y.; Shan, K.; Zhu, S.; Yu, X.; Mo, X. Assessing changes of habitat quality for shorebirds in stopover sites: A
case study in Yellow River Delta, China. Wetlands 2019, 39, 67–77. [CrossRef]

33. Zhang, H.B.; Wu, F.E.; Zhang, Y.N. Spatial and Temporal Changes of Habitat Quality in Jiangsu Yancheng Wetland National
Nature Reserve—Rare Birds of China. Appl. Ecol. Environ. Res. 2019, 17, 4807–4821. [CrossRef]

34. Shaffer, J.A.; Roth, C.L.; Mushet, D.M. Modeling effects of crop production, energy development and conservation-grassland loss
on avian habitat. PLoS ONE 2019, 14, e0198382. [CrossRef] [PubMed]

35. Nematollahi, S.; Fakheran, S.; Kienast, F.; Jafari, A. Application of InVEST habitat quality module in spatially vulnerability
assessment of natural habitats (case study: Chaharmahal and Bakhtiari province, Iran). Environ. Monit. Assess. 2020, 192, 487.
[CrossRef]

36. Liu, J.; Fitzgerald, M.; Liao, H.; Luo, Y.; Jin, T.; Li, X.; Yang, X.; Hirata, S.; Matsuzawa, T. Modeling habitat suitability for Yunnan
snub-nosed monkeys in Laojun Mountain National Park. Primates 2020, 61, 277–287. [CrossRef]

37. Li, L.; Xue, Y.; Wu, G.; Li, D.; Giraudoux, P. Potential habitat corridors and restoration areas for the black-and-white snub-nosed
monkey Rhinopithecus bieti in Yunnan, China. Oryx 2015, 49, 719–726. [CrossRef]

38. Su, X.; Han, W.; Liu, G. Potential priority areas and protection network for Yunnan snub-nosed monkey (Rhinopithecus bieti) in
Southwest China. J. Geogr. Sci. 2019, 29, 1211–1227. [CrossRef]

https://doi.org/10.3390/biology11101487
https://doi.org/10.1007/BF02382060
https://doi.org/10.25225/fozo.069.2019
https://doi.org/10.1016/j.gecco.2019.e00835
https://doi.org/10.1016/j.biocon.2017.02.029
https://doi.org/10.3390/biology12010003
https://www.ncbi.nlm.nih.gov/pubmed/36671697
https://doi.org/10.1515/mammalia-2017-0168
https://doi.org/10.1016/j.biocon.2015.01.031
https://doi.org/10.3390/rs12081345
https://doi.org/10.1007/s10531-018-1507-0
https://www.ncbi.nlm.nih.gov/pubmed/31258260
https://doi.org/10.7717/peerj.9165
https://www.ncbi.nlm.nih.gov/pubmed/32509457
https://doi.org/10.1007/s10764-011-9535-6
https://doi.org/10.1007/s10329-020-00841-2
https://doi.org/10.1017/S0030605307012124
https://doi.org/10.3390/su12062440
https://doi.org/10.3390/ijerph17176253
https://www.ncbi.nlm.nih.gov/pubmed/32867377
https://doi.org/10.3390/ijerph18052389
https://doi.org/10.3390/f14020374
https://doi.org/10.3390/rs12071103
https://doi.org/10.3390/su11133513
https://doi.org/10.1007/s13157-018-1075-9
https://doi.org/10.15666/aeer/1702_48074821
https://doi.org/10.1371/journal.pone.0198382
https://www.ncbi.nlm.nih.gov/pubmed/30625148
https://doi.org/10.1007/s10661-020-08460-6
https://doi.org/10.1007/s10329-019-00767-4
https://doi.org/10.1017/S0030605313001397
https://doi.org/10.1007/s11442-019-1654-6


Biology 2023, 12, 886 16 of 16

39. Clauzel, C.; Xiqing, D.; Gongsheng, W.; Giraudoux, P.; Li, L. Assessing the impact of road developments on connectivity across
multiple scales: Application to Yunnan snub-nosed monkey conservation. Biol. Conserv. 2015, 192, 207–217. [CrossRef]

40. Zhang, Y.; Clauzel, C.; Li, J.; Xue, Y.; Zhang, Y.; Wu, G.; Giraudoux, P.; Li, L.; Li, D. Identifying refugia and corridors under climate
change conditions for the Sichuan snub-nosed monkey (Rhinopithecus roxellana) in Hubei Province, China. Ecol. Evol. 2019, 9,
1680–1690. [CrossRef]

41. Wong, M.H.G.; Li, R.; Xu, M.; Long, Y. An integrative approach to assessing the potential impacts of climate change on the
Yunnan snub-nosed monkey. Biol. Conserv. 2013, 158, 401–409. [CrossRef]

42. Maxwell, S.K.; Sylvester, K.M. Identification of “ever-cropped” land (1984–2010) using Landsat annual maximum NDVI image
composites: Southwestern Kansas case study. Remote Sens. Environ. 2012, 121, 186–195. [CrossRef]

43. Habitat Quality—InVEST Documentation. Available online: https://storage.googleapis.com/releases.naturalcapitalproject.org/
invest-userguide/latest/en/habitat_quality.html (accessed on 7 June 2023).

44. Li, T.; Bao, R.; Li, L.; Tang, M.; Deng, H. Temporal and Spatial Changes of Habitat Quality and Their Potential Driving Factors in
Southwest China. Land 2023, 12, 346. [CrossRef]

45. Wang, Y.; Dai, E. Spatial-temporal changes in ecosystem services and the trade-off relationship in mountain regions: A case study
of Hengduan Mountain region in Southwest China. J. Clean. Prod. 2020, 264, 121573. [CrossRef]

46. Qiao, Z.; Barnes, E.; Tringe, S.; Schachtman, D.P.; Liu, P. Poisson hurdle model-based method for clustering microbiome features.
Bioinformatics 2023, 39, btac782. [CrossRef] [PubMed]

47. Dong, Y.; Shachaf, N.; Feldberg, L.; Rogachev, I.; Heinig, U.; Aharoni, A. PICA: Pixel Intensity Correlation Analysis for
Deconvolution and Metabolite Identification in Mass Spectrometry Imaging. Anal. Chem. 2023, 95, 1652–1662. [CrossRef]
[PubMed]

48. Barros, D.D.; Mathias, M.D.L.; Borges, P.A.; Borda-de-Água, L. The Importance of Including Spatial Autocorrelation When
Modelling Species Richness in Archipelagos: A Bayesian Approach. Diversity 2023, 15, 127. [CrossRef]

49. Alejandro Estrada, P.A.G.; Rylands, A.B.; Roos, C.; Fernandez-Duque, E. Impending extinction crisis of the world’s primates—Why
primates matter. Sci. Adv. 2017, 3, e1600946. [CrossRef]

50. Akbari, A.; Pittman, J.; Feick, R. Mapping the relative habitat quality values for the burrowing owls (Athene cunicularia) of the
Canadian prairies using an innovative parameterization approach in the InVEST HQ module. Environ. Manag. 2021, 68, 310–328.
[CrossRef]

51. Duan, X.; Yang, S. Construction and management of giant panda protection projects. In Proceedings of the IOP Conference Series:
Earth and Environmental Science, Sanya, China, 10–12 January 2020; p. 022040.

52. Ma, B.; Zhao, Z.; Ding, H.; Wen, Y. Household costs and benefits of biodiversity conservation: Case study of Sichuan giant panda
reserves in China. Environ. Dev. Sustain. 2018, 20, 1665–1686. [CrossRef]

53. Dong, X.; Chu, Y.M.R.; Gu, X.; Huang, Q.; Zhang, J.; Bai, W. Suitable habitat prediction of Sichuan snub-nosed monkeys
(Rhinopithecus roxellana) and its implications for conservation in Baihe Nature Reserve, Sichuan, China. Environ. Sci. Pollut. Res.
Int. 2019, 26, 32374–32384. [CrossRef] [PubMed]

54. Kong, L.; Xu, W.; Zhang, L.; Gong, M.; Xiao, Y.; Ouyang, Z. Habitat conservation redlines for the giant pandas in China. Biol.
Conserv. 2016, 210, 83–88. [CrossRef]

55. Mandal, M.; Das Chatterjee, N. Geospatial approach-based delineation of elephant habitat suitability zones and its consequence
in Mayurjharna Elephant Reserve, India. Environ. Dev. Sustain. 2021, 23, 17788–17809. [CrossRef]

56. Yemshanov, D.; Haight, R.G.; Rempel, R.; Liu, N.; Koch, F.H. Protecting wildlife habitat in managed forest landscapes—How can
network connectivity models help? Nat. Resour. Model. 2020, 34, e12286. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biocon.2015.09.029
https://doi.org/10.1002/ece3.4815
https://doi.org/10.1016/j.biocon.2012.08.030
https://doi.org/10.1016/j.rse.2012.01.022
https://storage.googleapis.com/releases.naturalcapitalproject.org/invest-userguide/latest/en/habitat_quality.html
https://storage.googleapis.com/releases.naturalcapitalproject.org/invest-userguide/latest/en/habitat_quality.html
https://doi.org/10.3390/land12020346
https://doi.org/10.1016/j.jclepro.2020.121573
https://doi.org/10.1093/bioinformatics/btac782
https://www.ncbi.nlm.nih.gov/pubmed/36469352
https://doi.org/10.1021/acs.analchem.2c04778
https://www.ncbi.nlm.nih.gov/pubmed/36594613
https://doi.org/10.3390/d15020127
https://doi.org/10.1126/sciadv.1600946
https://doi.org/10.1007/s00267-021-01502-w
https://doi.org/10.1007/s10668-017-9959-z
https://doi.org/10.1007/s11356-019-06369-3
https://www.ncbi.nlm.nih.gov/pubmed/31602599
https://doi.org/10.1016/j.biocon.2016.03.028
https://doi.org/10.1007/s10668-021-01412-1
https://doi.org/10.1111/nrm.12286

	Introduction 
	Materials and Methods 
	Study Area and Species 
	Land Use and Land Cover (LULC) and Normalized Difference Vegetation Index (NDVI) 
	Habitat Quality Assessment 

	Results 
	Distance Threshold of Threat Factors 
	Temporal and Spatial Changes in Habitat Degradation in the Distribution Area of Yunnan Snub-Nosed Monkey 
	Spatial and Temporal Variation of Habitat Quality in Yunnan Snub-Nosed Monkey 
	Temporal and Spatial Variations in Habitat Rarity 
	Dynamic Analysis of Habitat Quality 

	Discussion 
	Conclusions 
	References

