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Functioning in a Changing World
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Mountains encompass more than 30% of all land and 23% of the Earth’s forests, with
high levels of biodiversity and endemism, and they support diverse habitats and refuges for
approximately 85% of amphibian, bird, and mammal species. More than 1/4 of the global
human population inhabits mountain environments, many of whom are among the world’s
poorest people. However, mountains have had a tremendous impact on biodiversity and
ecosystems around the world. Around 4000 m above the sea level on the Qinghai–Xizang
Plateau, “the roof of the world” is characterized by a low temperature, short growing
season, and diverse ecosystems, with “colder soils in a warmer world” and “escalating
woody-plants encroachment into grasslands”, which might reduce biodiversity and alter
ecosystem functions. Biodiversity and people benefitting from nature are essential to human
development and the success of the new Sustainable Development Goals [1]. According to
the 2022 UN biodiversity Conference COP15, we must fulfill goals related to biodiversity
conservation, the construction of ecological civilization, and harmony between humans
and nature in the future. This Special Issue, therefore, focuses on studies dealing with
many organisms and ecosystems in mountain areas and the responses to climate change
and human activities from genes to ecosystems and from valleys to remote alpine regions.

The study of geographic diversity is attractive throughout the world. In northern
China, Liang et al. investigated plant diversity along an altitudinal gradient in the Taihang
Mountains and found that the plant diversity showed a hump-shaped pattern and anthro-
pogenic factors play an important role [2]. Similarly, arbuscular mycorrhizal fungi (AMF)
diversity associated with roots reflected a positive quadratic function with increasing alti-
tude in the Taibai Mountains, which were mostly associated with soil and root nutrients [3].
In the pan-Himalaya region, the species richness in Meconopsis also showed a hump-
shaped pattern along environmental gradients, which provides a theoretical background
for the conservation and sustainable exploitation of Meconopsis species [4]. Concerning
community assembly in alpine grasslands, based on an eleven-year-long fencing experi-
ment along an altitudinal gradient (4400–5200 m) in Central Tibet, Deng et al. proved that
stochastic processes drove plant community assembly during the restoration period [5].
Plant diversity is closely related to plant distribution and functions. In this issue, Li et al.
found that the species richness level was higher on the north-facing slopes than it was on
the south-facing slopes in the alpine meadows of the eastern Tibetan Plateau, and it was
negatively correlated with leaf N concentration, providing evidence for interpreting the
functional significance of leaf N:P stoichiometry with species composition [6].

Species distribution has frequently been studied under scenarios of future climate
change. Xia et al. reviewed the progress on the geographical distribution and driving
factors of Nepalese alder (Alnus nepalensis) and assumed that temperature would be the
main environmental limiting factor since this species presented a clear northern limit of
distribution and an upper limit of elevation [7]. Climate warming would, therefore, benefit
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its expansion. However, the responses to climate change differ among different species.
For example, the suitable habitat for Sabina przewalskii and Potentilla parvifolia will enlarge
in the 2070s, while that of Picea crassifolia will shrink [8]. Capra sibirica, a Siberian ibex in
eastern Pamir, may respond to climate change by shifting to higher latitudes due to habitat
reduction under future climate scenarios [9]. It seems that animals and birds are more
acclimated to the changing climate than plants are. As an example, riparian birds in the
Colorado mineral belt appears to be resilient to climate-change-driven increases in metals
and rare earth element contents in water and aquatic macroinvertebrates [10].

At larger scales, how does vegetation vary in response to changes in climate and
anthropogenic activity? Two papers in this issue analyzed the variation in vegetation
using remote sensing data (MODIS NDVI) in a dry mountainous area over the last twenty
years. Both cases reported an increased NDVI along the time series, which was associated
with precipitation rather than temperature [11,12]. However, the NDVI was controlled by
both precipitation and grazing regimes in some parts of the Mt. Qomolangma National
Nature Reserve, which is probably because of the high grazing intensity due to tourism
and the corresponding high population density [12]. In terms of scenery, according to the
difference in plant height, ecotones between abandoned farmland and forest ecosystems
can be accurately delineated via high spatial resolution imagery obtained using an aircraft
system, which may allow researchers to gain a comprehensive understanding of agricultural
abandoned land restoration and support the “Returning Farmland to Forest Program” in
China [13]. Luo et al. applied ecological intactness scores (EIS) to indicate the status of
the Giant Panda National Park (GPNP). They pointed out that the most of the GPNP’s
ecological intactness has remained stable during the past 40 years, while only 14% of the
GPNP was degraded mainly due to LUCC and road construction [14].

In a practical application, Yunnan pine (Pinus yunnanensis) plantation mixed with
broadleaved trees, like Nepalese alder, could improve soil quality and enzymes activity [15],
which may improve the economy of forest land and enhance the ecological value. In
addition, mixed forests have acquired remarkable insect resistance abilities and contributed
to the protection of mountain forest ecosystem in southwest China. Li et al. identified the
detoxification genes of Tomicus yunnanensis, a trunk borer that causes a large number of
tree deaths, which provides a theoretical basis for insect resistance in mixed forests [16].

Concerning the relationship between biodiversity and ecosystem functioning, Hou et al.
summarized the factors that affect biodiversity and ecosystem functioning (BEF). They fur-
ther constructed a new conceptual model to provide a systematic means of understanding
how different factors affect BEF. The model shows that the correlation between biodiversity
and EFs involves a cascade process, while the separation of biodiversity and EFs from
ecosystems without considering integrated features is not appropriate for BEF-related
research [17].

This Special Issue features research articles with a focus on the Tibetan Plateau and
the south-west mountain areas in China. The topic deals with the application of multiscale
methods and approaches in the context of biodiversity from the genes and individuals and
ecosystems to landscapes, including the adaptations of organisms, like plants, birds, and
micro-organisms, spatial–temporal variations in vegetation patterns and land use statuses,
and the possible driving factors for the functional adaptation of organisms to climate and
anthropogenic changes. It is a shared mission to guarantee the harmonious development
of humans and nature around the world and create a greener future. One indispensable
component is to enable sustainable and resilient mountain development, which can enhance
mountain people’s ability to adapt to climate, environmental, and socioeconomic changes
and enjoy the benefits and opportunities afforded by natural endowment.

Author Contributions: Writing—review and editing, L.Z. and J.W.; funding acquisition, L.Z. and
J.W. All authors have read and agreed to the published version of the manuscript.
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Climatic and Non-Climatic Drivers of Plant Diversity along an
Altitudinal Gradient in the Taihang Mountains of Northern China

Hongzhu Liang 1,2,3,†, Tonggang Fu 1,†, Hui Gao 1, Min Li 3 and Jintong Liu 1,*

1 Center for Agricultural Resources Research, Key Laboratory of Agricultural Water Resources, Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences, No.286 Huaizhong Road,
Shijiazhuang 050021, China

2 University of Chinese Academy of Sciences, No.19 (A) Yuquan Road, Beijing 100049, China
3 College of Life Sciences, Hebei Normal University, No.20 Road East. 2nd Ring South,

Shijiazhuang 050024, China
* Correspondence: jtliu@sjziam.ac.cn
† These authors contributed equally to this work.

Abstract: Climate is critical for plant altitudinal distribution patterns. Non-climatic factors also have
important effects on vegetation altitudinal distribution in mountain regions. The purpose of this study
was to explore the current distribution of plant diversity along the altitudinal gradient in the Taihang
Mountain range of northern China and to estimate the effects of climatic and non-climatic factors on
the elevational pattern. Through a field survey, a total of 480 sampling plots were established in the
central Taihang Mountain range. Alpha diversities (the Shannon–Weiner index and Simpson index)
and beta diversities (the Jaccard index and Cody index) were measured based on the survey data.
Plant community structure change based on the altitudinal gradient was explored by measuring
the diversity indices. Canonical correspondence analysis was carried out to determine the factors
influencing plant altitudinal distribution. The contributions of climatic and non-climatic factors on
plant distribution were determined by partial methods. The results showed that the plant diversity
of the elevational gradient complied with a “hump-shaped” pattern, in which communities in the
medium altitude area with higher plant diversity had a higher species turnover rate, and non-climatic
factors, particularly the anthropogenic factors, had an important influence on the plant altitudinal
pattern. In conclusion, climatic and non-climatic factors both had important effects on the plant
altitudinal pattern. It is strongly recommended to reduce human interference in mountain vegetation
protection and management.

Keywords: α- and β-diversity; vascular plants; altitudinal distribution pattern; canonical correspondence
analysis; anthropogenic disturbance; Taihang Mountains

1. Introduction

A mountain is an area with certain elevations, slopes, and relative heights that are
a reflection and condensed point of the gradients in natural geographical and ecological
features [1]. Due to relatively low human disturbance, mountains provide habitat and
shelter for terrestrial biological species [2]. Mountains also represent the most abundant
unit of biodiversity on Earth and are key areas for the conservation of biodiversity [3,4].
Mountain areas are extremely sensitive to climate change [5]. The response of mountain
ecosystems to climate change is an increasing focus of global change research [6,7].

Biological groups form cluster patterns of vertical and horizontal gradients. Kattan
et al., suggested that clustering patterns in dendrograms formed two major patterns of
differentiation of the biological groups in Colombia: one horizonal and one elevational [8].
The distribution of vegetation has obvious patterns of horizontal and vertical zonality [9].
This implies that the composition of vegetation varies with altitude [10,11]. Multiple envi-
ronmental factors drive the altitudinal zonality of vegetation [12]. Natural factors, such as
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climate, geomorphology, and hydrology, drive obvious changes in altitudinal gradients
from the bottom to the top of mountains [13,14]. Generally, changes in a mountain land-
scape along elevation gradients are 1000 times higher than that in horizontal gradients [15],
which can be understood to mean that the landscape change on the vertical scale condenses
the change on the horizontal scale. Distribution models of plant species diversity in moun-
tain areas are increasingly used in ecological community research. Such models lead to
a better understanding of the mechanism of maintenance of biodiversity and altitudinal
change in mountain vegetation [16,17].

Research is still not conclusive about the primary factors that determine the patterns
of biodiversity on Earth [18,19]. The gradients of diversity patterns at a large scale have
been explained mainly by temperature, productivity, water availability, and geographical
area [20]. The study of the altitudinal patterns of species diversity in mountain plant
communities is critical for the understanding of zonal variations in vegetation along
elevation gradients [21]. Plant diversity varies with altitude gradients [22], showing a
variety of altitudinal patterns [23,24]. In the study of altitudinal patterns of plant diversity in
mountain terrains, the α-diversity (such as the species richness, Shannon–Weiner index and
Simpson index), β-diversity (such as the Jaccard index, Cody index) and γ-diversity indices
are widely used [23–25]. The β-diversity index best reflects a community composition
and turnover under an environmental gradient [25,26], which is critical for biodiversity
conservation [27,28].

The rapid development of quantitative ecological methods and computer technol-
ogy are innovatively changing data processing and analysis of biodiversity [29]. Stud-
ies suggest that surveys in mountain regions provide valuable insights into biological
conservation [30,31]. While the relationship between the patterns of biodiversity and el-
evation gradients depends on various environmental variables [32], altitudinal patterns
of mountain plant communities in different geographical regions differ [33–35]. Studies
on the process of the development of altitudinal patterns of plant diversity in mountain
regions are also attracting much attention [6].

The Taihang Mountain range is a transitional zone from low-elevation plains to high-
elevation plateaus, and it is an important ecological barrier to the economic circle of Beijing–
Tianjin–Hebei in northern China [36]. Because of the special geographical location of the
Taihang Mountain range, it plays an important role as a windbreak, in sand-fixing, and
in water conservation. Furthermore, it is a transition zone from economically developed
regions to undeveloped regions, where the natural ecosystems are cross-distributed. The
Taihang Mountain range is extremely ecologically sensitive. Serious damage to the natural
environment and biodiversity has been caused by historical development, which led
to serious soil and water loss, frequent droughts, and other significant environmental
problems [37]. After decades of overexploitation, along the elevational gradient, the
vegetation presents a different distribution pattern. As vegetation provides most of the
ecosystem services, the elevational pattern is a reference for evaluating the effects of natural
and anthropogenic factors on the vegetation in the Taihang Mountain range. Therefore, the
objective of this study was to explore the impact of climate related factors and non-climatic
factors on the vertical pattern of plant diversity in the Taihang Mountains.

2. Materials and Methods

2.1. Study Area

The Taihang Mountains (34◦36′–40◦47′ N, 110◦42′–116◦34′ E) are a highly heteroge-
neous geological setting, spreading from the northeast to southwest in northern China
(Figure 1). The mountain range acts as a natural boundary between the North China Plain
and the Loess Plateau. The altitude across the Taihang Mountains decreases from northwest
to southeast, with the highest elevation of 2882 m in the north.

A temperate continental monsoon climate prevails in the study area. From 2009 to
2017, the annual mean temperature was 8.91 ◦C, and the annual mean precipitation was
529 mm. Both temperature and precipitation increase from the northwest to the southeast.
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The Taihang Mountains are also known for their expansive biodiversity in northern China.
Warm temperate deciduous broad-leaved forest is the dominant vegetation type in the
central Taihang Mountain region.

The eastern slopes (sunny slopes) of the Taihang Mountains are steeper than the
western slopes (shady slopes); therefore, the vegetation has a more obvious vertical change
on the sunny slopes. The survey plots in this study were mainly on the sunny slopes
in the central Taihang Mountain region, where the highest peak (Tuoliang) is 2282 m.
The central Taihang Mountain region is divided into three ecological zones: a hilly zone
(<500 m), mid-mountain zone (500–1500 m), and sub-alpine zone (>1500 m) [38]. Each zone
is characterized by a different set of biodiversity and ecosystem services.

Figure 1. A map depicting the location of Taihang Mountains in northern China (left panel) and an
expanded map depicting elevation and sampling sites in the study area.

2.2. Field Survey

This field survey was carried out during the growing season from May 2017 to October
2019 in Tuoliang National Nature Reserve, which is located in the central part of the Taihang
Mountain range. A total of 480 survey plots (including tree, shrub, and herb plots) were
established at 16 elevations (100 m, 200 m, 300 m, 400 m, 500 m, 600 m, 700 m, 900 m,
1100 m, 1300 m, 1500 m, 1700 m, 1800 m, 1900 m, 2100 m, and 2200 m). At each elevation,
five tree plots (10 m × 10 m for each plot), 10 shrub plots (5 m × 5 m), and 15 herb plots
(1 m × 1 m) were established, and the species and individual numbers of trees, shrubs and
herbs were recorded in each plot. For soil water content (VWC%) and soil pH analyses,
three soil samples at a 0–20 cm depth were collected by a cylindrical soil sampler of 5 cm
diameter at the same time as the field survey.

2.3. Environmental Data Source

The climatic factors (temperature and precipitation) were collected for the period of
2008–2017 from 101 automatic weather stations installed across the Taihang Mountain
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range. The temperature and precipitation of each survey plot were derived by kriging
interpolation. Non-climatic factors in this study, including elevation, slope, aspect, human
footprint index (Hfp), human influence index (Hii), net primary productivity (NPP), human
population density, soil pH, and soil water content (VWC%) were derived by synchronizing
with the field survey region. The elevation of each plot was measured by GPS, and slope
and aspect were detected by a gradiometer. Net primary productivity (NPP) was derived
from MOD17A3 data released by the University of Montana, USA (http://ipdaac.usgs.gov,
accessed on 28 October 2022). Hfp and Hii were derived from the Socioeconomic Data
and Applications Center of NASA (SEDAC, https://sedac.ciesin.columbia.edu/, accessed
on 28 October 2022). Human population density is often used as an indicator of vegetation
disturbance [39]. The population density was obtained from the Geographical Information
Monitoring Cloud Platform maintained by China. The datasets were interpolated for each
sampling plot using ordinary kriging. Descriptive statistics of the climatic and non-climatic
factors along the altitudinal gradient in the Taihang Mountain study area are given in Table 1.

Table 1. Descriptive statistics of climatic and non-climatic factors along the vertical gradient of
Taihang Mountain study area in northern China.

Factors Min Max Mean Standard Deviation Skewness Kurtosis

Climatic factors
Temperature (◦C) 7.40 11.56 8.91 1.26 0.43 −0.47

Precipitation (mm) 491 547 529 15.68 −1.01 0.86

Non-climatic factors

Slope (◦) 3.13 43.84 17.65 12.51 0.88 0.46
Hfp 21 43 28.56 7.31 0.50 −0.80
Hii 14 28 19.13 4.26 0.57 −0.22

NPP (gC·m−2·a−1) 139.93 412.47 339.01 62.21 −2.27 7.15
Population density (p/km2) 0 258 43.88 93.22 1.88 1.97

pH 5.31 6.91 6.07 0.41 −0.20 0.52
VWC (100%) 0.02 0.61 0.20 0.03 1.40 1.61

Notes: Climatic factors: temperature and precipitation; non-climatic factors: factors in addition to temperature
and precipitation; temperature: annual mean temperature from 2008 to 2017; precipitation: annual precipitation
from 2008 to 2017; Hfp: human footprint index; Hii: human influence index; p in p/km2 denotes persons; pH: soil
pH; VWC%: soil water content to 20 cm depth.

2.4. α-Diversity and β-Diversity Indices

The α-diversity represents species richness within a community. The diversity indices
at different altitudes were calculated in terms of the plot survey. The richness index
represents the number of species in the sampling plots. The formulas for the Shannon–
Weiner index (H) and the Simpson index (D) are as follows:

Shannon-Weiner index:
H = −∑s

i=1 PilnPi (1)

Simpson index:

D = 1 − ∑s
i=1

(ni
N

)2
(2)

where Pi is the proportion of the ith individual to the total number of individuals, ni
represents the number of individuals of the ith species, and N represents the number of
individuals of all species in the community.

The β-diversity is often expressed as the ratio of regional (γ-diversity) to α-diversity,
and it is often measured as species turnover between different communities. In this
study, we used the Jaccard index and Cody index to explore the traits of plant community
succession along the altitudinal gradient. While the Jaccard index represents the similarity
of different communities and quadrats, the Cody index represents the turnover rate of
species along an environmental gradient. The indices are calculated as follows:

Jaccard index:
CJ =

c
a + b − c

(3)
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Cody index:

βc =
g(H) + l(H)

2
=

a + b − 2c
2

(4)

where a and b denote the number of species in two communities, c denotes the number of
species shared by the two communities, g(H) is the number of species increasing along the
gradient (H), and l(H) is the number of species lost along the gradient.

2.5. Data Analysis

Based on the sample data and remote sensing image data for the Taihang Mountains,
climatic and non-climatic factors were processed and analyzed by SPSS 23 and mapped in
ArcGIS 12.2. Ordination analysis is often used to explain variations in data in relation to
species and area [40]. To investigate the distribution patterns of plant diversity and lifeform
groups in the survey plots, principal components analysis (PCA) was used to analyze
the altitudinal gradient. The influences of climatic and non-climatic factors on species
altitudinal distribution were evaluated using canonical correspondence analysis (CCA) in
R 3.4.5, and contributions of climatic and non-climatic factors to the plant altitudinal pattern
were estimated with partial CCA in R 3.4.5. To verify the significance of environmental
factors and the plant species altitudinal distribution, a Monte Carlo permutation test was
performed in CANOCO 4.5.

3. Results

3.1. Altitudinal Distribution of A-Diversity in Plants

Based on the field survey, 54 vascular plant species were recorded in the hilly zone,
belonging to 32 families and 49 genera; 103 species in the mid-mountain zone, belonging to
47 families and 88 genera; and 58 species in the sub-alpine zone, belonging to 21 families
and 48 genera. As the overall elevation was not very high (with the lowest altitude of 0 m
and the highest peak of 2282 m in the central Taihang Mountain region), there was not an
obvious altitudinal spectrum of vegetation in this region.

Generally, the vascular plants (including trees, shrubs, and herbs) had the same altitu-
dinal pattern, in which the number of plant species increased with increasing elevation. At
elevation ranges of 600–900 m and 1500–1900 m, the plant richness (Figure 2d), Shannon-
Wiener index (Figure 2a) and Simpson index (Figure 2b) had two peak intervals, and then
began to decrease with increasing elevation. The distribution of plant diversity in the central
Taihang Mountain region was relatively complicated in terms of the elevation gradient.

Figure 2. Indices of plant diversity along the altitudinal gradient in the central Taihang Mountain
region, northern China.
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Quantitative measurement is needed to show differences in communities [41]. PCA
analysis (Figure 3) indicated that plant species richness was mainly concentrated in the
mid-elevation zone (sites 5–14). Individual plants, species of trees and herbs, and the
richness and Shannon–Weiner indices were highest in the area covering sites 5–14, which
meant that plant richness was highest in the mid-elevation zone. Shrubs mainly occurred
in the low elevation zone, in the area covering sites 1–4.

Figure 3. PCA ordination showing the characteristics of altitudinal distribution of plants in the
central Taihang Mountain region.

3.2. B-Diversity of Plants along the Altitudinal Gradient

Figure 2 shows that the Shannon–Weiner index, Simpson index and Cody index had
coincident altitudinal patterns of plant richness, implying a relatively high plant diversity
concentrated in the mid-elevation zone. The patterns of the Jaccard index indicated that the
sampling plots in the mid-elevation range had a high similarity in plant community structure.

Low β-diversity can lead to low species turnover rates [42]. The Cody index represents
the rate of species turnover between communities, with the highest species turnover always
taking place in pioneer and mountain species [43]. In this study, the Jaccard index showed the
opposite altitudinal patterns to the richness, Shannon–Weiner index and Simpson index, while
the Cody index showed a consistent distribution trend, implying that the altitudinal gradient
with lower community similarity had a higher species turnover rate of plant communities.

3.3. Relationships between Plant Diversity and Environmental Factors along the Altitudinal Gradient

In predicting species distribution, canonical correspondence analysis (CCA) is widely
used [44]. CCA ordination (Figure 4) showed that the driving factors with positive effects
on tree, shrub, and herb richness were soil water content (VWC%), precipitation, and
pH. The factors with negative effects on plant richness were temperature, Hii, Hfp, and
population density. Slope and pH had the smallest effects on altitudinal distribution of
plants in the central Taihang Mountain area.
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Figure 4. CCA ordination showing the relationship between environmental factors and altitudinal
plant patterns in the Taihang Mountain study area, northern China.

4. Discussion

4.1. Plant Diversity Pattern along the Altitudinal Gradient

Based on the field survey and species identification, there were 54 species of vascular
plants in the hilly zone, belonging to 32 families and 49 genera; 103 species in the mid-
mountain zone, belonging to 47 families and 88 genera; and 58 species in the sub-alpine
zone, belonging to 21 families and 48 genera. This conformed with the richness distribution
theory on “middle height expansion,” consistent with studies of vine plants in other
mountain regions [45–48].

In this study, trees were mainly found in the hilly and mid-mountain zones, with few
trees in the sub-alpine zone. Shrubs and herbs were widely distributed from the low to
the high elevation zones in the central Taihang Mountain region. The richness of herbs
was higher than that of shrubs and trees. PCA ordination showed that plant groups were
mainly concentrated in the mid-elevation range in the central Taihang Mountain region.

In the sub-alpine zone, temperate herbal plants were the main vegetation type. There
was a higher proportion of annual herbaceous plants with more endemic species in this
zone, indicating that biodiversity endured to a certain degree even in an area with intense
human disturbance. While species richness decreased significantly at elevations above
2000 m, the community similarity index increased sharply. This implied that more common
species of vascular plants were concentrated in the sub-alpine areas; therefore, there was
relatively low species diversity.

4.2. Characteristics of the B-Diversity Pattern of the Altitudinal Gradient

Patterns of species turnover are vital to the geography of biodiversity [49]. The Cody
index for elevations above 2000 m decreased sharply, indicating that the rate of replacement
of plant communities decreased to a relatively low degree. Studies show that areas with
lower species richness are more easily invaded by exotic species [50], and thus the plant
community structure of a low richness area is more easily disturbed. According to this
hypothesis, the results in Figure 2 indicated that the community structure of the sub-
alpine zone with a lower plant diversity richness was more unstable in the central Taihang
Mountain region.

While the processes of biodiversity maintenance and species coexistence are the focus
of ecological studies, those of community construction and succession along altitudi-
nal gradients still remain unclear. Ecological niche theories are increasingly becoming a
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mainstream issue in community construction and species distribution. Species diversity
increases with increasing heterogeneity of the environment along vertical or horizontal
gradients [6,47]. In β-diversity research, numerous methods of measurement have been
proposed. Using combined β-diversity, gradient analysis, and ecological niche modeling,
significant and novel insights are made into biological diversity patterns [51]. Among
these, similarly and dissimilarity indices are widely used. The application of additive
decomposition in β-diversity better reveals the processes of community construction along
elevation gradients. In this study, we mainly focused on the Jaccard and Cody indices,
which can give insight into the plant community structure change and species turnover
rate along the elevational gradient. As mentioned at the beginning, the Taihang Mountain
range is a mountainous region that has been overexploited for a long period; thus, human
disturbances have created a lasting pressure on the ecosystem of the Taihang Mountains.
The altitudinal pattern of α-diversity was found to be relatively complicated, and two peaks
of plant richness appeared at the elevation range of 600–900 m and 1500–1900 m, which
reflected more suitable natural conditions and less anthropogenic disturbance of the plant
diversity. Characteristics of the β-diversity at the elevational gradients with higher richness
showed that the plant community had more active succession capacity and a higher species
turnover rate. Inner succession activity, natural conditions, and human disturbance formed
the current plant altitudinal distribution pattern.

In summary, the altitudinal distribution pattern and species diversity of plant commu-
nities on the sunny slopes of the central Taihang Mountain region were a result of the joint
actions of community succession and natural and anthropogenic disturbances.

4.3. Effects of Climatic and Non-Climatic Factors on the Plant Diversity Altitudinal Pattern

Although environmental factors can influence species distribution, plants can have
positive effects on each other [52]. In this study, we focused mainly on the effects of
environmental factors on the altitudinal pattern of plant species. Using partial analysis, we
evaluated the contribution of climatic (temperature and precipitation) and non-climatic
(slope, Hfp, Hii, NPP, population density, pH, and VWC%) factors to the altitudinal
patterns of plant diversity. Partial methods are often used to analyze the effects of the
main environmental variables and covariates on species distribution. We measured the
contribution of climatic and non-climatic factors to plant distribution along the altitudinal
gradient by partial CCA. The results showed that the interpretation rate of climatic factors
on the altitudinal distribution of plant species (28.89%) was less than that of non-climatic
factors (44.51%), which indicated that non-climatic factors were the main driving forces
of plant altitudinal distribution in the central Taihang Mountain region. Ohmann and
Spies [53] noted that the contribution of climate to species distribution in an Oregon forest
was the most significant factor, which contrasted with the results in this study. The joint
contribution of climatic and non-climatic factors was 13.72%, and 12.88% of the altitudinal
pattern could not be explained by climatic and non-climatic factors (Figure 5). These results
implied that the plant distribution pattern was more significantly influenced by altitudinal
gradients than by temperature and precipitation gradients.

Figure 5. Venn diagram showing the contributions of climatic and non-climatic factors to plant
altitudinal distribution in the central Taihang Mountain region, northern China.

12



Diversity 2023, 15, 66

By using the Monte Carlo significance test of CCA ordination (Table 2), it was noted
that the climatic factors (temperature and precipitation) had the most significant effect
on plant altitudinal distribution patterns; moreover, the coefficients of temperature and
precipitation reached the most significant and extremely significant levels, respectively.
The coefficients of non-climatic factors, including Hfp, Hii, and population density, reached
extremely significant levels, implying that these factors also had an important effect on
plant altitudinal distribution patterns in the study area. The coefficients of slope, NPP, and
soil pH were not significant (Pr > 0.05), implying that these factors were not the dominant
drivers of the plant altitudinal distribution in the study area. According to the results of
partial CCA, non-climatic factors played a more important role than climatic factors in
the plant altitudinal pattern. Among the non-climatic factors, coefficients of Hfp, Hii, and
human population density reached an extremely significant level, and the coefficient of
water soil content reached a significant level, which implied the anthropogenic factors (Hfp,
Hii, and population density) had more important effects than the other non-climatic factors
on the plant altitudinal pattern in the central Taihang Mountain region of northern China.

Table 2. Monte Carlo significance test of the environmental factors and plant species altitudinal distribution.

Factors CCA1 CCA2 r2 Pr (>r)

Hfp −0.66 0.75 0.69 0.002 **
Temperature −0.88 0.48 0.66 0.001 ***

Hii −0.71 0.70 0.62 0.002 **
Population density −0.26 0.96 0.55 0.005 **

Precipitation 0.82 -0.58 0.52 0.004 **
VWC (%) 0.99 -0.07 0.40 0.033 *

NPP −0.64 -0.77 0.28 0.09
pH 0.99 -0.17 0.02 0.85

Slope -0.74 -0.67 0.01 0.90
Notes: *** represents the most significant level; ** represents an extremely significant level; * represents a significant level.

5. Conclusions

In conclusion, climatic and non-climatic factors both had important effects on the
plant altitudinal pattern. Non-climatic factors were the more significant drivers of plant
distribution along the altitudinal gradient compared to climatic factors in the central
Taihang Mountain region. In addition, among the non-climatic factors, the anthropogenic
factors were the main driving forces of the plant altitudinal distribution. To a certain
degree, both climatic and non-climatic factors drove the altitudinal distribution of species
richness in the study area. The results of the study suggested that in the central Taihang
Mountain region, even in the sub-alpine zone, human disturbance was still a critical
factor driving the altitudinal distribution of species richness. From the perspective of
sustainable development, in the mountain vegetation protection and management, it is
strongly recommended to reduce the impact of human interference.
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Abstract: (1) Background: environmental gradient strongly affects microbial biodiversity, but which
factors drive the diversity of arbuscular mycorrhizal fungi (AMF) associated with roots at relatively
large spatial scales requires further research; (2) Methods: an experiment on large spatial scales of
Mt. Taibai was conducted to explore the biodiversity and drivers of AMF-associated with roots
using high-throughput sequencing; (3) Results: a total of 287 operational taxonomic units (OTUs)
belong to 62 species representing 4 identified and 1 unclassified order were identified along different
altitudinal gradients. With increasing altitude, AMF colonization could be simulated by a quadratic
function trend, and altitude has a significant impact on colonization. AMF alpha diversity, including
the Sobs and Shannon indexes, tended to be quadratic function trends with increasing altitude. The
highest diversity indices occurred at mid-altitudes, and altitude had a significant effect on them.
AMF communities have different affinities with soil and root nutrient, and Glomus is most affected by
soil and root nutrient factors through the analysis of the heatmap. Glomus are the most dominant,
with an occurrence frequency of 91.67% and a relative abundance of 61.29% and 53.58% at the level of
species and OTU, respectively. Furthermore, AMF diversity were mostly associated with soil and
root nutrients; (4) Conclusions: in general, AMF molecular diversity is abundant in Mt. Taibai, and
altitude and nutrient properties of soil and root are the main influencing factors on AMF diversity
and distribution.

Keywords: arbuscular mycorrhizal fungi (AMF); diversity; community; altitude; mountain

1. Introduction

Mountain ecosystems are rich in species diversity, and the climatic gradients are
obvious within a relatively short distance, so it provides more possibilities for the research
of biodiversity [1]. The diversity and community distribution of plants and animals
are most frequently investigated in mountain ecosystems because of the environmental
gradients and slant characteristics on a small spatial scale [2]. Peters et al. (2016) reported
that the species richness of nearly half of the plant and animal taxa showed a decreasing
trend with increasing altitude while the other half showed hump-shaped or bimodal
distribution patterns in Mt. Kilimanjaro [3]. However, most of the current studies have
focused on plants and animals, ignoring the interaction between soil microorganisms
and plants [4]. In addition, soils are believed to be exceptionally biodiverse parts of
ecosystems [5]. As widespread mutualists, fungi are symbiotic with plant roots and affect
the growth and distribution of plants [6,7], and the effect may be different in different
environment gradients [8], which play an important ecological role in ecosystem functions.

As the most widespread mutualists, arbuscular mycorrhizal (AM) fungi can form
symbionts with 80% of plant species [9–11], which play important ecological functions
in maintaining ecosystem balance in all kinds of ecosystems [11,12]. Research showed
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that AM fungi promote root growth and have positive effects on aboveground plant pro-
ductivity through direct and indirect interactions [2]. Furthermore, AMF diversity was a
key factor in maintaining plant biodiversity and ecosystem function [13–15]. Moreover,
studying AMF biodiversity and distribution is the basis for predicting the evolution and
succession of mountain ecosystems [16]. At present, more and more attention has been
paid to the study of AMF diversity in mountain ecosystems. Yang et al. reported that
elevations had a significant effect on AMF diversity and community distribution in the
Qinghai-Tibet Plateau [17]. Gough et al. suggested that AMF are a ubiquitous group
of soil microorganisms [18]. However, the measurement results of AMF diversity might
be different using different methods in the same region. For example, Shi et al. (2014)
researched AMF diversity and identified 63 AMF belonging to 12 genera by the traditional
morphological identification method in Mt. Taibai [15], while Zhang et al. (2021) found
103 AMF species from soil samples, which belong to 19 genera using molecular identifi-
cation method in Mt. Taibai [19]. It can be suggested that more AMF taxa are identified
by the molecular method. Therefore, in this study, high-throughput sequencing molecular
methods were used to explore AMF diversity and distribution in plant roots and investigate
its influencing factors.

As the intersection of the flora of North China, Central China, and West China, Qinling
Mountain is the natural dividing line between North and South China, with abundant
species and resources. As the main peak of Qinling Mountain, Mt. Taibai is dominated
by forest landscapes, rich in biological species, and is known as a green pearl in Western
China [20]. The plant species is very rich in Mt. Taibai, which is one of the most abundant
plant species in the temperate zone in China. Due to the different climatic gradients and
the particularity of the vertical distribution of vegetation along altitudes, Mt. Taibai has
become a natural place to study biodiversity [21].

Therefore, this study used molecular identification methods to explore the diversity
and distribution mechanism of AMF associated with roots at different altitudes in Mt.
Taibai, aiming to determine the biodiversity and variations of AMF with altitudes in the
mountain ecosystem. It is expected to enrich the ecological theory of AMF by providing
supporting data on different altitudes of mountain ecosystems.

2. Materials and Methods

2.1. Description of Study Region

This study was conducted in Mt. Taibai (23◦49′31′′–34◦08′11′′ N and 107◦41′23′′–
107◦51′40′′ E) of the Qinling Mountain, which lies in the ecological transition zone between
the subtropical zone and the warm temperate zone and is an important east-west mountain
range across the central part in China. As the main peak of the Qinling Mountains, Mt.
Taibai is the first peak in the east of the Qinghai-Tibet Plateau in China, with the highest
altitude of 3771.2 m. The climate zone of Mt. Taibai is obvious, which is divided into a
temperate monsoon climate zone (800–1500 m), a cold temperate monsoon climate zone
(1500–3000 m), a subarctic climate zone (3000–3350 m), and frigid climate zone (>3350 m).
Besides, Mt. Taibai is rich in plant species and has a special geographic location, complex
and diverse climate, and large altitude gradient, as well as one of the most abundant
temperate plant species in China. In addition, the distribution of vegetation in the vertical
zone of Mt. Taibai is also very special, which is of great significance to the study of
the distribution of vegetation in the north and south of China and provides an ideal
environment to conduct scientific research [22]. The plant distribution from the bottom to
the top of Mt. Taibai can be divided into deciduous broad-leaved forest belt, coniferous
forest belt, alpine shrub belt, and meadow belt. The deciduous broad-leaved forest belt is
mainly distributed by Quercus variorum forest, Quercus aliena var. Acuteserrata forest and
Betula albo-sinensis forest. The coniferous forest belt is mainly distributed by Abies fabri
forest and Larix gmelinii forest. The alpine shrub belt and meadow belt are above 3350 m,
mainly distributed dwarf creeping shrub, dwarf meadow, mossy community, and lichen
community (Table S1). Meanwhile, it has always been a hotspot for biodiversity research.
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2.2. Collection of Samples

Twelve different altitudes were selected within the range of 663–3511 m in Mt. Taibai.
At every target altitude, three 20 m × 20 m sample squares were set up, and the distance
between each sample square was at least 50 m. In each sample square, a five-point sampling
method was used to collect 0–30 cm soil, including all the plant roots and soil, and they
were mixed as one sample. Three squares were considered three replicates. Finally, we
separated all the mixed roots from the soil and put the mixed root samples and soil into
different sealed bags, respectively.

Soil samples were used to determine the physical properties and nutrient elements
after air-drying. All plant root samples were divided into the following three parts. The
first part of each plant root sample was immediately stored in a −80 ◦C freezer for DNA
extraction. The second part of each plant root sample was transported to the laboratory
to carry out the determination of AMF colonization. The third part was stored in a 4 ◦C
refrigerator to determine the nutrient elements, such as C, N, P, and C/N.

2.3. Bioinformatics Analysis of Sequence Data

Genomic DNA was extracted from plant root samples using the Fast DNA SPIN
Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, USA) according to the manufac-
turer’s protocols. The extracted DNA was subjected to nested PCR by a thermocycler
PCR system (GeneAmp 9700, ABI, Foster City, CA, USA). PCR amplification was per-
formed with primers AML1F (5′-ATCAACTTTCGATGGTAGG ATAGA-3′) and AML2R
(5′-GAACCCAAACACTTTGGTTTCC-3′) by an ABI GeneAmp® 9700 PCR thermocycler
(ABI, CA, USA).

Purified barcoded amplicons were pooled in equimolar concentrations and paired-end
sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San
Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China). Microbial community sequencing was conducted by Shanghai
Majorbio Bio-pharm Technology using the Illumina-MiSeq sequencing platform. The data
were analyzed on a free online platform (Majorbio I-Sanger Cloud Platform, available
online: http://www.i-sanger.com, accessed on 3 August 2021). Used Uparse (version 7.1)
software platform to perform taxonomic analysis of OTU representative sequences at a 97%
similar level.

2.4. Measurement of AM Colonization and Parameters of Soil and Plant Roots

The colonization of AMF was determined according to the method of Phillips et al. [23].
First, selected fresh fine roots were cleaned and wiped dry, then immersed in a test tube
with a mass fraction of 10% KOH solution, and heated in a water bath at 90 ◦C for 30 min
until the roots became relatively transparent. When the roots were relatively transparent,
the lye on the roots was cleaned and the roots were soaked in a 5% CH3COOH for 5 min.
They were dyed with 5% volume fraction acid acetic ink and heated in a water bath at 90 ◦C
for about 30 min. As the roots were fully dyed by the acetic acid ink, they were cleaned and
then put in lactic acid for color separation for approximately 30 min. Finally, the roots were
cut at about 1 cm and placed on a glass slide (each glass slide has 15 roots). The glass slide
was observed under a Motic BA310 microscope at 100–400 times magnification to survey
the colonization status.

The concentration of total carbon and nitrogen were measured by an elemental ana-
lyzer (GC IsolinkFlash 2000; Thermo Scientific, Waltham, MA, USA) analyzer. The phos-
phorus content in plant roots is determined by the molybdenum-antimony colorimetric
method [24].
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2.5. Calculation of AM Colonization, Relative Abundance, and Occurrence Frequency

The percentage of root length colonized by AM fungal structures was estimated and
calculated according to the grading criteria of Trouvelot et al. [25].

The relative abundance (species/OTU) of AM fungal genus was calculated as the
percentage of the number of species/OTUs in each genus divided by the total number of
species/OTUs in all genera, then take the average of the three samples.

The occurrence frequency of AM fungal genus was defined as the percentage of
the number of samples where this genus was observed to the number of all samples in
this genus.

Shannon–Weiner index: the Pi of AMF species or OTUs was defined as the percentage
of the sequences for each species or OTUs detected to total species or OTUs sequences in
a sample;

H = −∑ [Pilog2 (Pi)]

The Sobs index of AMF species or OTUs was defined as the numbers of species or
OTUs in a sample.

2.6. Statistics and Analysis of Data

The colonization ratio, colonization density, AMF diversity indies including Sobs and
Shannon index, stoichiometric characteristics of plant roots, and edaphic factors were all
statistically analyzed and curved estimated by SPSS 25.0. Then made the scatter charts
through Origin 21.0. AMF relative abundance and occurrence frequency were analyzed
based on genus level by Excel 2019. The heat map was presented to explore the relationships
between the AMF community and environmental variables based on correlation analyses.
And it is conducted on MajorBio Cloud’s bioinformatics analysis cloud platform. Based
on multiple linear regression analysis of the relationship between altitude, environmental
factors, and AMF diversity.

3. Results

3.1. Arbuscular Mycorrhizal Colonization in Plant Roots at Different AltitudesSubsection

The colonization of AM varied from 0 to 100%, with an average of 55.03% from 663 m
to 3511 m (Figure 1a). AM colonization showed a quadratic function trend with R2 was
53.46% and P was less than 0.01. It suggested that altitude has a significant effect on AM
colonization. The highest colonization of AM occurred at 1170 m and 1450 m. Meanwhile,
the highest colonization density also occurred at 1170 m with 41.09% (Figure 1b). And
the colonization density changed from 0 to 41.09%, with an average of 10.39% in Mt.
Taibai. Besides, the colonization density formed the quadratic function with R2 was 34.18%.
Elevation had a significant effect on AM colonization density.

 
(a) (b) 

y × x x
R

p 

y × x x
R

p

Figure 1. Change of arbuscular mycorrhizal colonization (a) and colonization density (b) in plant
roots among different altitudes. Note: There are overlapping data points in (a,b).

20



Diversity 2022, 14, 626

3.2. AMF Community Composition and Distribution at Different Altitudes

A total of 287 OTUs belong to 62 species belonging to 8 identified and 1 unclassi-
fied genus representing four identified and one unidentified order (Table S2). Among
them, Glomus was the dominant genus with the largest number of species and OTUs with
39 and 104, respectively. However, only 1 OTU was identified in the genus of Pacispora. In
addition, the maximum number of species and OTU occurred at the altitude of 2190 m,
with 38 and 166, respectively. While the minimum number of species occurred at 3097 m,
and the minimum number of OTU was 25 and occurred at 2828 m.

The highest relative abundance of Glomus was 99.14%, which occurred at 1800 m
(Figure 2). In addition, the relative abundance of Glomus exceeded 90% at the altitudes of
663 m, 1170 m, 1450 m, 1800 m, and 2070 m. At the higher altitudes of 2828 and 3250 m, the
relative abundance of Acaulospora was higher with 49.14% and 56.52%. Besides, the genus
of Pacispora only appeared above 2000 m and the relative abundance was the highest with
17.85% at the highest altitude of 3511 m.

 others
 Scutellospora
 Ambispora
 Pacispora
 Diversispora
 Paraglomus
 unclassified
 Acaulospora
 Glomus

Figure 2. Relative abundance of genera identified based on different altitudes at the genus level.
Note: The genus, whose abundance was less than 1%, were collectively classified as others.

3.3. Diversity of AMF in Mt. Taibai

AMF alpha diversity is expressed by the Sobs and Shannon indices (Figure 3). Both
Sobs and Shannon indices showed the trends of increased first and then decreased with the
increase of altitude based on the species and OTU level. Whether at species or OTU level,
the highest Sobs and Shannon index both occurred at 2460 m. The highest Sobs index were
26 and 49 on the level of species and OTU, respectively (Figure 3a). At the same time, the
highest Shannon indices were 2.68 and 2.08 at the level of species and OTU (Figure 3b). And
the lowest alpha diversity indices both appeared at higher altitudes. With the increase in
altitude, the changing trend of Sobs and Shannon indices could be simulated with quadratic
function at the species and OTU level. What’s more, elevation had a significant effect on
alpha diversity indices.

AMF beta diversity was revealed by nonmetric multidimensional scaling analysis
(NMDS) (Figure 4). The NMDS ordination resulted in a final stress value of 0.14 and 0.18 on
species and OTU level, respectively. The results indicated that beta diversity also differed
among the altitudes based on species and OTU level in Mt. Taibai.
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Figure 3. The variation of AMF is based on the species and OTU level among different elevations
with the Sobs index of species (a) and the Shannon index of species (b).

 
(a) (b) 

Figure 4. Nonmetric multidimensional scaling (NMDS) ordination of symbiosis AMF community
composition of plant roots at different altitudes in Mt. Taibai ((a,b) stands for the species and OTU
levels, respectively).

3.4. The Relative Abundance and Occurrence Frequency of AMF Genus in Mt. Taibai

It was found that the relative abundance ranged from 0.76% to 61.29% and from
0.24% to 53.58% based on species and OTU levels, respectively (Table 1). The fungi in
the genus of Glomus were the most dominant, with the highest relative abundance of
61.29% and 53.58% based on species and OTU level, which was significantly higher than
other genera. Meanwhile, the occurrence frequency of Glomus also was higher at 91.67%.
Unclassified in Glomeromycetes was found in all altitudes with the highest occurrence fre-
quency of 100%. The second abundant genus is Acaulospora, with a relative abundance of
9.46% and 5.32% at species and OTU levels, and the occurrence frequency was 66.67%. At
the same time, the relative abundance of Pacispora was the same as Ambispora based on
species level with 2.18%. In addition, the occurrence frequency of Pacispora was the same
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as Scutellospora with 33.33%, and the occurrence frequency of Diversispora, Acaulospora, and
Paraglomus were the same with 66.67%.

Table 1. Relative abundance and occurrence frequency of AMF genus in Mt. Taibai.

Genus
Relative Abundance

(Species)/%
Relative Abundance

(OTU)/%
Occurrence

Frequency/%

Acaulospora 9.46b 5.32 66.67
Ambispora 2.18 1.09 50.00

Archaeospora 5.72 1.82 41.67
Diversispora 4.36 3.58 66.67

Glomus 61.29 53.58 91.67
Pacispora 2.18 0.72 33.33

Paraglomus 4.96 5.45 66.67
Scutellospora 2.57 0.65 33.33

no rank 0.81 0.34 8.33
unclassified in Diversisporaceae 0.76 0.24 8.33
unclassified in Archaeosporales 2.18 0.85 16.67
unclassified in Diversisporales 1.36 0.37 16.67
unclassified in Glomeromycetes 2.18 25.97 100.00

3.5. The Drive Factors of AMF Community and Diversity

Among different genera, Glomus was most affected by soil and root nutrient factors
(Figure 5). Both soil factors (pH and C/N) and root nutrients (C, N, and C/N) had a
significant effect on Glomus through correlation analysis by heatmap at the genus level
(Figure 5). Unclassified in Diversisporaceae and unclassified in Archaeosporales were both
affected by root nutrient of N (p < 0.01) and ecological stoichiometry of C/N (p < 0.01).
As for unclassified in Glomeromycetes, it was influenced by C/N (p < 0.01) and available
phosphorus (p < 0.05) in soil. And soil and root nutrients had no significant effect on other
AMF genera.

Figure 5. Influence of environmental factors on AMF genus. Note: *, **, *** indicate significant
correlation at p < 0.05, p < 0.01, p < 0.001 confidence level, respectively.

Elevation had a positive and prominent effect on AMF Shannon diversity (r = 0.493)
based on OTU level (Figure 6). Meanwhile, elevation had a positive effect on soil factors
of pH (r = 0.651) and ecological stoichiometry of C/N (r = 0.605), plant factors, such as C
(r = 0.364), N (r = 0.379) and C/N (r = 0.345). Besides, the AMF diversity index of Shannon
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was greatly affected by soil and root nutrients, while the Sobs index was affected by soil
and root ecological stoichiometry C/N and root N content.

Figure 6. The relationships among elevation, soil factors (C, N, P, C/N, and pH), plant factors (C,
N, P, and C/N), and AMF diversity indices are based on OTU level. Note: The effect of altitude
on soil and root is expressed as a correlation coefficient, while the effects of soil and root factors on
diversity indices are represented by standard regression coefficients. Blue solid represents significant
positive or negative effects. Blue dashed represent nonsignificant paths. ** means p < 0.01; * means
p < 0.05, respectively.

4. Discussion

The changes and laws of biodiversity along different environmental gradients are
the important topic of biodiversity research [26,27]. Many environmental factors vary
with altitude in mountain systems, so altitude is often used as an integrated factor to
study plant and animal distribution patterns in mountain systems. In recent years, people
have become more and more interested in knowing how microbes respond to the changes
in environmental conditions because of their critical role in ecosystem functions [28–30].
Luo et al. also suggested that understanding the diversity of fungi in ecosystems may have
predictive implications for biodiversity and ecosystem evolution processes [31]. Therefore,
AMF diversity and community distribution along different altitudes were studied to explore
the role of AMF in the mountain ecosystem and the responses to clime change.

In this study, the colonization rate and colonization density of AMF showed a trend
of first increasing, then decreasing trends with the elevation. However, Gai et al. and
Kotilinek et al. believed that AMF colonization showed a downward trend with increasing
altitudes [32,33]. There are even studies that there were no significant differences in AMF
colonization between high-altitude and low-altitude areas in the southeast of the Qinghai-
Tibet Plateau [34]. The different results may be due to the differences in research sites or
environmental factors, such as plant species, soil types, and so on. Liu showed that the
arbuscular abundance of AMF was significantly influenced by altitude gradients [35], which
was consistent with the results of our research. These different results also suggest that
AMF could form a good symbiotic relationship with plant roots in the mountain ecosystem.

In the present study, the 287 OTUs and 62 species of AMF were identified and repre-
sented 8 identified genera, 5 unidentified genera in Mt. Taibai, which supported that AMF
had a wide ecological range and was an important part of the ecosystem. Our research
showed that 39 species belonged to the genus of Glomus, followed by Acaulospora with
5 species. Whether at the species or OTU levels, the relative abundance and the occurrence
frequency of Glomus were the highest, which was consistent with the conclusions of most
previous studies on the molecular diversity of AMF that Glomus was the dominant genus
in the AMF community [19,36,37]. This may be due to its wide ecological range and the
certain resistance in complex environments [38]. Besides, Glomus can usually produce large
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numbers of spores and hypha fragments, which can extensively spread and colonize the
roots of plants [37,39]. In terms of different altitudes, Glomus dominated at lower altitudes,
whereas Acaulospora were more abundant at the higher altitudes of 3250–3511 m. This result
was consistent with Oehl et al., who suggested that the genus of Acaulospora was more
abundant in the highlands than in the lowlands in Switzerland [40]. Moreover, Haug et al.
and Yang et al. also came to similar conclusions [8,41]. The different distribution at low and
high altitudes in AMF explains the correlation of AMF species with altitude and suggests
that there may be potential niche differentiation along the altitudinal gradient.

In addition to different distribution, the diversity of AMF was also different with
the altitude change. It was discovered that AMF diversity indices of Sobs and Shannon
showed the trends of quadratic function increasing first and then decreasing, whether
on the level of species or OTU. However, Guo et al. and Egan et al. studied the AMF
diversity and suggested that the alpha diversity decreased monotonically with the increase
in altitude [21,42]. The reason for this phenomenon may be that this study was conducted
in a large-scale altitude range of 663–3511 m, while Guo et al. and Egan et al. explored
the AMF diversity in a relatively small altitude range. Therefore, in this study, the AMF
diversity varies in different climatic environments. Moreover, some studies have proved
that AMF diversity is closely related to plant richness [43], and plant richness is also
different on different altitude gradients in Mt. Taibai (Table S1). This may also be the reason
why AMF diversity shows different trends with increasing altitude in Mt. Taibai.

In this study, it was also found that the higher Shannon and Sobs indices appeared
at mid-altitudes, whether based on species or OTU level. The highest diversity indices
occurred at 2460 m, and altitude has a significant effect on them. Bonfim et al. showed
that AMF diversity at higher altitudes was higher than at lower altitudes in the Atlantic
forest system [44]. The reason for this phenomenon may be that the mid-altitudes have less
human disturbance than the low altitude region and a less extreme climate environment
than the high altitude region [45]. Therefore, the mid-elevation area is favorable for AMF
sporulation and growth. Gai et al. and Shi et al. supported that altitude has no significant
influence on AMF diversity [32,39]. Because altitude is a comprehensive factor, the effects
of altitude on AMF diversity may be caused by differences in geographic location and
environmental factors [15,46,47]. Besides, previous studies have shown that environmental
factors, especially the geographical environment and soil factors, have an important impact
on AMF diversity. Different ecological factors would affect the growth, development,
colonization, and reproduction of AMF, which would cause differences in AMF diversity in
different ecosystems [48–51]. Therefore, it is necessary to study the environmental factors
of different altitudes further.

Determination of soil and plant nutrients found a significant impact on AMF diversity
indices of Sob and Shannon. Our results were consistent with previous research conclusions
that altitudes and soil variables had a significant impact on AMF diversity and richness [36].
Besides, Montiel-Rozas et al. [52] showed that AMF diversity and richness were only
affected by soil properties, and soil factors were the main driving force for AM fungal
communities. Our research found that whether it was in soil or plant roots, P concentration
significantly affects the AMF Shannon index. This result was consistent with Maitra et al.,
who confirmed that the AMF Shannon diversity index showed a positive response to
P [53]. Ceulemans et al. showed that AMF diversity decreased with the increase in soil P
utilization [54]. Therefore, the change of P concentration is an important predictor of the
response of AMF diversity to soil nutrients [55]. Previous studies have also shown that the
addition of N increased AMF diversity in N-deficient soil [56–58], which was consistent
with our study that N content of plant roots has a significant effect on AMF diversity, but
N content in the soil had no effect on it. This result showed that plant roots had a greater
impact on AMF diversity than soil. This also suggests that AMF tends to be symbiotic
with plants to absorb nutrients, thereby increasing the diversity of mycorrhiza to increase
the plant’s own competitive advantage [59]. In addition, studies have suggested that the
identity of the host plant has been considered to be one of the most important factors in
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shaping AMF community composition [60–62]. It was speculated that the vital effects of
the host plant on the AMF community might be related to the C/N in plant roots.

Moreover, it was found that the AMF community have different affinities with soil and
root nutrient. And glomus is most affected by soil and root nutrient factors through the anal-
ysis of Heatmap. The genus of unclassified in Diversisporales and unclassified in Archaeosporales
were significantly affected by root N concentration and C/N. However, the genus of un-
classified Glomeromycetes were correlated with soil P concentration and C/N. The results
revealed that there were different relationships between soil characteristics and the AMF
genus, which is consistent with Kim et al. [63]. These also suggested that AMF taxa have
different environmental preferences in tropical montane rainforests. Therefore, this also
explained the different distribution of AMF communities at different altitudes. Besides, soil
nutrient concentration also is an important factor in the AMF community. Zhao et al. [37]
confirmed that soil nutrients have an impact on AMF communities, as a lack of nutrients
inhibits spore germination and dissociation. Therefore, soil factors play an important role
in AMF diversity and community in the mountain ecosystem.

5. Conclusions

In this study, the biodiversity and variation of AMF with plant roots at different
altitudes were explored by molecular identification methods in Mt. Taibai. And it was
found that there is abundant AMF diversity in the mountain ecosystem. Altitude has a
significant impact on AMF diversity and community distribution. Whether it is species
level or out level, Sob and Shannon indices show a quadratic equation changing trends
with the increase of altitudes. In addition, whether in soil or plant roots, the ecological
stoichiometry of C/N has a major impact on AMF diversity. Further, Glomus, as a dominant
genus, was most affected by root and soil nutrients. These findings suggest that soil and
root nutrient are important factors affecting AMF diversity and variation among different
altitudes in the mountain forest.
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Abstract: Understanding the potential habitat of Meconopsis, their species richness distribution
patterns, and their influencing factors are critical for the conservation and rational exploitation of this
valuable resource. In this study, we applied the MaxEnt model to predict their potential distribution,
mapped the distribution pattern of species richness, and analyzed the variation of species richness
along environmental gradients. Finally, we calculated the landscape fragmentation indices between
the five subregions. Our results found that: (1) the medium- and high-suitable habitats of Meconopsis
were mainly distributed in the central and eastern Himalaya, the Hengduan Mountains, and the
southeast edge of the plateau platform, with suitable habitats ranged from 3200 m to 4300 m, whose
most important factor is precipitation of the warmest quarter; (2) species richness showed a hump
pattern along the environmental gradients except for longitude that showed an increasing trend,
mainly concentrated in the south and southeast; and (3) the subregions are in the descending order of
species richness: plateau platform, Hengduan Mountains, central, eastern, and western Himalaya;
the highest and lowest degree of landscape fragmentation were in the western Himalaya and eastern
Himalaya, respectively. Our study provides a theoretical background for the conservation and
sustainable exploitation of Meconopsis in the wild.

Keywords: Meconopsis; potential distribution; species richness; environmental factors; landscape
fragmentation; Himalaya; Qinghai-Tibet Plateau; Hengduan Mountains

1. Introduction

Climate change is an indisputable reality today, evidenced by glacial melting from
mountain areas, greening of alpine tundra or arctic, upward shifting of alpine tree lines, and
shrub encroachment into alpine grassland [1–3]. Many scientists believe that mountains act
as early warning systems and can provide direct evidence to understand potential changes
in the lowland environment [4,5]. Mountains around the world vary in terms of shape,
extension, elevation, climate change impact, and biodiversity because of the differences
in their geographic locations coupled with the complex region-specific hydrothermal
condition [5,6]. Most studies have shown that the Qinghai-Tibet Plateau sensu lato (QTPsl)
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is not a natural tectonic association, but rather comprises a “plateau platform” (i.e., Qinghai-
Tibet Plateau sensu stricto; QTPss) [7,8], the Himalaya, and the Hengduan Mountains [9,10].
Together these three regions are also referred to as the pan-Himalayan region [10,11] which
boasts of complex topography, diverse geomorphological types, a wide altitudinal range,
and different soil textures and geological conditions. This region, where one can observe
diverse habitats within a short distance, supports a variety of endemic and endangered
species [11,12]. The pan-Himalayan region is an important biodiversity hotspot with the
world’s highest diversity of alpine plants, attracting extensive scientific attentions [10,13,14].

Biodiversity, especially plant diversity, plays an important role in regulating climate,
stabilizing the structure and functions of ecosystems, and providing ecosystem services for
humans [15,16]. However, this diversity of plant resources has been constantly threatened
by climate change and excessive anthropogenic disturbance since the last century [17,18].
As one of the most severe threats to global biodiversity, climate change has interfered with
the composition, structure, and functioning of many mountainous ecosystems, resulting in
an ecosystem imbalance that eventually affects human well-being [19–21]. Climate vari-
ables can determine the geographic distribution patterns of plant species [22] in addition to
several non-climatic factors, such as topography, soil types, and land use, which equally im-
pact species distribution [23]. The geographical distribution of alpine plants, in particular,
is sensitive to the interaction between climate and topography [11,24]. Furthermore, human
disturbances in mountainous landscapes not only accelerate climate change but also cause
severe habitat loss and fragmentation and support the invasion of alien species, which are
often directly or indirectly related to the loss of biodiversity [18,25–27]. Many native plant
habitats have suffered habitat loss and fragmentation [23,25,27] that leads to the creation
of isolated habitat patches resulting in an eventual decline in species viability across the
landscape and ultimately reduction of species diversity across the ecosystem [18,28]. Nu-
merous studies have shown the negative impact of fragmentation at the landscape scale on
species diversity; however, the ecological effects of fragmentation at larger macroscopic
scales are not clearly demonstrated [29,30]. Habitat loss and fragmentation are the primary
drivers for the extinction of plant species [31]. Maintaining plant diversity while ensuring
their sustainable utilization for human well-being is a common global concern [32]. Species
richness is a fundamental scale for measuring regional diversity and the basis for construct-
ing evolutionary and ecological models and conservation strategies [33]. Species diversity
at the local scale is influenced by habitat heterogeneity such as geographic differences,
climate, topography (elevation, slope, slope direction, etc.), and latitude and longitude,
among other factors [34,35]. Thus, understanding the geographic distribution patterns of
species richness in a particular area is of great scientific significance for the conservation,
development, and sustainable utilization of plant resources.

The genus Meconopsis (Himalayan or blue poppies) belongs to the Papaveraceae family
and contains over 70 species [36]. These plants are mainly localized in the Qinghai-Tibet
Plateau, Hengduan Mountains, and Himalaya between the elevational range of 2000 m to
5800 m, where habitat changes from temperate forests to alpine meadows to screes and nival
zones [37,38]. The East Himalaya-Hengduan Mountains region is the center of diversity
for Meconopsis genus. Meconopsis plays a unique role in the alpine ecosystem. It is an
important component of the regional biodiversity and participates in primary production,
which is critical for ecosystem functioning [39]. Meconopsis is well-known for its colorful,
attractive, and gracefully postured flower with high ornamental value and is widely used
in horticultural gardening [40]. Species of this genus are symbols of tenacious vitalities
since they bloom with beautiful flowers despite the extremely cold and harsh environment,
inspiring those who live in the same extreme conditions [41]. These flowers are often shown
in frescoes and thangkas, being closely related to Tibetan Buddhism, being the prototype of
the ubala flower held by the Green Tara for relieving suffering [42]. Meconopsis is valued
for its medicinal properties with a long clinical history in China and other Asian countries.
The medicinal properties of the genus were first recorded in the Tibetan medicine book
Yue Wang Yao Zhen. Famous masterpieces of traditional Tibetan herbal medicine such as
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The Four Medical Tantras and Jing Zhu Materia Medica have described the use of Meconopsis
for its anti-inflammatory or analgesic properties [41]. For instance, the flowers or whole
plant of M. integrifolia can be used for curing hepatitis, pneumonia, liver heat, lung heat,
and edema [41]. Recently, a variety of isoquinoline alkaloids with bioactivities have
been isolated from Meconopsis, which partly explains its unique therapeutic effects [41].
However, only a few species of this genus have been cultivated for floriculture successfully
in a controlled environment [41,43]. With the development of the pharmaceutical economy
in these regions, overexploitation and anthropogenic habitat destruction are increasingly
threatening the survival of many wild Meconopsis species, and some Meconopsis species
have been placed under protection by law [41,42]. Hence, it is of great necessity to map
the habitat distribution and ensure the sustainable development of Meconopsis from both
natural and social perspectives for their habitat conservation and sustainable development.

Predicting the potential species distribution is a significant step toward habitat protec-
tion, and the species distribution model (SDM) has become one of the most widely used
tools for simulating the potential distribution of organisms [44,45]. The basic principle of
SDM is to correlate current species distribution with corresponding environmental vari-
ables to estimate the ecological requirements of a species based on ecological niches, thus
predicting the suitable habitat [46,47]. The MaxEnt model is the most widely used among
the many SDMs because it not only provides stable and reliable prediction results even
with small sample data sizes but can work with presence-only data unlike some other
models [42,48,49]. Due to the high prediction accuracy, it has been widely used in studies
on the spatial distribution of species in response to climate change [9], suitable planting
areas for important economic crops, and priority conservation areas for endangered and
rare species [50–52]. The screening of suitable habitats and identifying priority conserva-
tion areas is critical for habitat management. However, to develop effective landscape
management plans, the role of landscape fragmentation in determining the distribution
and survival of species cannot be ignored.

Landscape fragmentation is the process by which the surface of a landscape is trans-
formed from a regular homogeneous entity into smaller, complex, and poorly connected
patches, mainly as a result of human activities and environmental disturbances [53]. The
landscape index can reflect the landscape information well and is a common method to
study landscape fragmentation quantitatively. Landscape indices are generally calculated
using FragStats (Fragment Statistic), a software program for calculating indices of different
types of landscape patterns in classified map patterns or patch mosaics, and analysis of spa-
tial patterns for quantifying landscape structure (i.e., composition and configuration) [54].
It offers a comprehensive choice for the calculation of landscape pattern indices, and three
levels (individual patch, patch class, and landscape) of the landscape index can be obtained
after the calculation [54]. It is of practical significance to clarify the relationship between
landscape pattern and species richness for the conservation and sustainable development
of diversity.

In this study, we used MaxEnt to predict the potential distribution pattern of Meconopsis
and used regression analysis to explore the geospatial pattern of species richness for
Meconopsis in the pan-Himalaya and its adjacent regions. In addition, we divided the study
area into five subregions and used landscape index as a variable to measure landscape
fragmentation, and compared the species richness of Meconopsis in each subregion (Figure 1).
This paper aimed to: (1) predict the potential distribution of Meconopsis and determine the
key factors affecting the distribution of these species in the pan-Himalaya and adjacent
regions; (2) clarify the species richness pattern of Meconopsis and analyze the distribution
characteristics of species richness under different altitude, latitude and longitude, and
other topographical factors (aspect and slope); and (3) assess the degree of landscape
fragmentation and species richness Meconopsis in five subregions. The results will contribute
to identifying the appropriate geographical space available for Meconopsis species and help
in ensuring sustainable utilization and management of the genus.
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Figure 1. The conceptual framework of the study.

2. Materials and Methods

2.1. Study Area

The study area lies between 68◦04′00′ ′~104◦40′00′ ′ E and 27◦25′30′ ′~40◦08′00′ ′ N
(Figure 2), which extends from the southern margin of the Himalaya to the northern margin
of the Kunlun and Qilian Mountains, and the Pamirs Plateau and Karakorum Mountains
in the west to the Hengduan Mountains in the east [55]. This area has the highest elevation
(more than 4000 m above sea level) and diverse topography, which support a variety of
vegetation types at different elevations. From low to high elevations, these vegetation
types include dry and hot river valley scrubs, broadleaved forests, mixed coniferous
broadleaved forests, coniferous forests, shrubs, meadows, cold subnival belts, and nival
belts (glaciers). This region harbors the world’s most species-rich temperate alpine flora
driven by orogenetic movements and climate change (monsoon intensification) [56]. It is
currently home to approximately 12,000 species of vascular plants belonging to 1500 genera,
of which more than 20% are endemic [57]. The mountain region is a diversity center for
many species-rich genera, such as rhododendron, gentiana, saussurea, and pedicularis, all
of which contain numerous endemic species [14]. We divided the entire study area into five
subregions based on the boundaries of the Qinghai-Tibet Plateau, Hengduan Mountains,
and Hindu-Kush Himalaya: plateau platform, Hengduan Mountains, eastern Himalaya,
central Himalaya, and western Himalaya (Figure 2) [10,11,55]. Of these, the alpine plant
biota in Hengduan Mountains is the richest [56].
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Figure 2. The presence points of Meconopsis species in the study area.

2.2. Data Sources and Preprocessing
2.2.1. Species Occurrence Data

We collected the occurrence data for Meconopsis, M. integrifolia, M. horridula, M. racemosa,
and M. punicea from the following three sources: (1) Chinese Virtual Herbarium (CVH,
http://www.cvh.ac.cn/; accessed on 22 December 2021), (2) Global Biodiversity Informa-
tion Facility (GBIF.org, https://www.gbif.org/; accessed on 22 December 2021), and (3) pub-
lished literature (China National Knowledge Infrastructure, CNKI, https://www.cnki.net/;
Web of Science, https://www.webofscience.com/; accessed on 22 December 2021). All
data points were carefully evaluated to exclude duplicate data points and then validated
via Google Earth to eliminate possible errors; finally, ArcGIS 10.8 was used to remove
points that were not in the study region. We also ensured that the selected presence data
points were evenly distributed throughout the study area to avoid sampling bias. Follow-
ing this selection and elimination criteria, the selected presence locations of each species
involved in our study are as follows: Meconopsis (1445), M. integrifolia (296), M. horridula
(304), M. racemosa (111), and M. punicea (90) (Figure 2, Table S1).

2.2.2. Bioclimatic and Topographic Data

Bioclimatic data used for the study included 19 bioclimatic variables with the spa-
tial resolution of 30 arc-seconds (~1 km at the equator) representing current climatic
conditions (average for 1950–2000) [45], obtained from the WorldClim dataset (https:
//www.worldclim.org; accessed on 5 January 2022). Besides, three topographic vari-
ables (elevation, slope, and aspect) derived from digital elevation model (DEM) data
downloaded from WorldClim were also used in the study. To improve the prediction
accuracy by eliminating multicollinearity, we performed a Pearson correlation analysis on
all environmental variables and retained the environmental factors with low correlation
coefficients (|r| < 0.8) [58]. Among the environmental factors with high correlation coeffi-
cients (|r| > 0.8), we retained only one factor of the two variables [58]. Finally, a total of
11 environmental variables, including 8 bioclimatic variables and 3 topographic variables,
were obtained to simulate the current potential habitat of Meconopsis (Table 1).
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Table 1. Environmental variables for modelling the habitat suitability for Meconopsis species and four
typical species.

Type Variable Name Code Data Source Unit Resolution

Bio-Climatic

Annual Mean Temperature Bio1 WorldClim ◦C 30′ ′
Mean Diurnal Range Bio2 WorldClim ◦C 30′ ′

Isothermality (Bio2/Bio7) (×100) Bio3 WorldClim ◦C 30′ ′
Temperature Seasonality (Standard

Deviation × 100) Bio4 WorldClim ◦C 30′ ′

Precipitation of Driest Month Bio14 WorldClim mm 30′ ′
Precipitation Seasonality (Coefficient

of Variation) Bio15 WorldClim 1 30′ ′

Precipitation of Warmest Quarter Bio18 WorldClim mm 30′ ′
Precipitation of Coldest Quarter Bio19 WorldClim mm 30′ ′

Topographic
Elevation Elevation WorldClim m 30′ ′

Slope Slope DEM ◦ 30′ ′
Aspect Aspect DEM ◦ 30′ ′

2.2.3. Land Type Data

ESA CCI-LC land use/cover data (300 m spatial resolution, 1992–2015) were down-
loaded from the European space agency (http://maps.elie.ucl.ac.be/CCI/viewer/; ac-
cessed on 11 January 2022). The ESA data (including 22 categories) were reclassified
into 10 categories: agriculture, forest, grassland, wetland, settlement, shrubland, sparse
vegetation, bare area, water, and permanent snow and ice (Figure 3).

Figure 3. The land-use type maps in the study area.

2.3. Methods
2.3.1. MaxEnt Modeling

MaxEnt is a popular open-access species distribution model. It employs the maximum
entropy algorithm and species occurrence points to predict the probability of species
occurrence in potential distribution areas. In the study, we used MaxEnt 3.4.4 to model
the current habitat distribution of typical Meconopsis species and the whole genus. Species
occurrence data were divided into two data sets, 75% of total occurrence records were used
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for training the model, while the remaining 25% were used for validating the model. The
number of iterations to run the algorithm is set to 1000 and the model was repeated for
10 runs, which allows adequate time for the model to converge [59], and the rest of the
settings were the default settings.

Receiver operating characteristic (ROC) analysis was used to calibrate and validate
the robustness of the evaluation of the MaxEnt model [58]. The area under the curve (AUC)
of the ROC curve was used to estimate the model performance, which varies from 0 to
1 and is a diagnostic evaluation index with high recognition at present. Generally, the
model performance can be categorized according to the value of AUC as fair (0.6–0.7),
good (0.7–0.8), very good (0.8–0.9), and excellent (>0.9) [58]. A jackknife test was applied
to identify variables that made a significant contribution to model output. The results of
this test showed the training gains of each variable when the model was run in isolation
and was compared with the training gains of all variables. Additionally, species response
curves were created to explore the relationships between the probability of occurrence and
environmental variables.

A threshold value of 25% was set based on the logistic output from the Maxent model,
below which the probability of species occurring can be considered almost negligible. The
final suitable habitat predictions were regrouped into three classes: low suitable (25–50%),
medium suitable (50–75%), high suitable (>75%), and the values below 25% as nonsuitable.

2.3.2. Spatial Pattern Distribution of Species Richness

A total of 62 Meconopsis species were included in this study, which represents the
species richness of Meconopsis genus in the study area. The species distribution pattern
was affected by different spatial scales or areas, and to eliminate their influence, when
calculating the species richness, the fishnet tool was used to divide the study area according
to the equal area grid of 50 km × 50 km, and a total of 1314 grids were obtained. Then, the
species distribution points of Meconopsis were associated with the grids, and the number
of species in each equal-area grid was counted based on the actual recorded points of
Meconopsis, and this value was taken as the species richness value of each grid. Finally, the
species richness was divided into 15 levels using the classification function of ArcGIS 10.8,
and the spatial pattern of species richness was visualized.

2.3.3. Distribution Pattern of Species Richness along Environmental Gradients

We extracted the topographic factor data of 1445 occurrence data points for 62 species
of the genus Meconopsis in the study area, including elevation, slope, and aspect, and
explored the relationship among topographic factors, longitude and latitude, and species
richness. In this study, elevation was divided into 32 bands, each with an interval of
100 m, and the species richness was counted according to the altitudinal band. In terms
of slope, aspect, longitude, and latitude, we divided them into 30, 36, 33, and 14 bands
at 1◦ intervals, and calculated the species richness of each band in turn. The influence
of environmental factors on Meconopsis plant species richness geospatial patterns were
determined by running polynomial regression or nonlinear regression (GaussMod) models.

2.3.4. Landscape Fragmentation

Four landscape indices were used to measure landscape fragmentation in this paper
(Table 2). Based on the reclassified land cover data grid-by-grid, the landscape indices in
the grid based on the landscape scale were calculated, the spatial data were processed in
ArcGIS 10.8, and the landscape indices were calculated by software Fragstats 4.2.1.
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Table 2. Selected landscape indices and their ecological significance.

Landscape Indices Range of Value Ecological Significance

Patch density index
(PD) PD > 0 It can reflect the degree of fragmentation of the landscape. The

higher the value, the higher the degree of fragmentation.

Patch richness index
(PR) PR >= 1

It indicates the total number of all patch types in the landscape and
is one of the key indicators of landscape components, as well as

spatial heterogeneity, and has implications for many
ecological processes.

Contagion index
(CONTAG) 0 < CONTAG <= 100

It describes the degree of clustering or extension trend of different
patch types in the landscape. Since this indicator contains spatial
information, it is one of the most important indices to describe the
landscape pattern. Generally, high spreading values indicate that

some dominant patch types in the landscape form a good
connectivity; conversely, it indicates that the landscape is a dense

pattern with multiple elements and a high degree of fragmentation
in the landscape.

Shannon’s diversity index
(SHDI) SHDI >= 0

An increase in SHDI indicates an increase in patch types or an
equalizing trend in the distribution of each patch type in

the landscape.

3. Results

3.1. Model Performance and Key Variables to Predict Typical Meconopsis Species

Models for the Meconopsis, M. integrifolia, M. horridula, M. racemosa, and M. punicea
performed better than random, with the given set of training and test data. The average
AUC values for Meconopsis, M. integrifolia, M. horridula, M. racemosa, and M. punicea were
0.847, 0.888, 0.852, 0.914, and 0.951, respectively, indicating these five models performed
well and generated very good (excellent) evaluations.

The results showed that precipitation of warmest quarter (Bio 18, 43.8%), temperature
seasonality (Bio 4, 20%), elevation (13.5%) and annual mean temperature (Bio 1, 7.8%)
made the greatest contributions to the distribution model for Meconopsis relative to other
variables (Table 3), and the cumulative contributions of these factors reached values as
high as 85.1%. Among the 11 environmental variables, precipitation of the warmest
quarter (Bio 18, 59.2%), annual mean temperature (Bio 1, 18.9%), precipitation seasonality
(Bio 15, 8.3%), and precipitation of the coldest quarter (Bio 19, 5.5%) made a greater
contribution to the species distribution model for M. integrifolia than other environmental
variables (Table 2), accounting for 91.9% of variation in total. For M. horridula, the most
important factors were precipitation of the warmest quarter (Bio 18, 36%), elevation (11.8%),
temperature seasonality (Bio 4, 11.5%), and isothermality (Bio 3, 10.2%) (Table 2); the
cumulative contribution value accounted for 69.5% of the total contribution value of all
environmental factors to the model. As for M. racemosa, precipitation of the warmest quarter
(Bio 18, 37.7%), temperature seasonality (Bio 4, 24.4%), annual mean temperature (Bio 1,
16.7%), and precipitation of the coldest quarter (Bio 19, 4.4%) totally contributed 83.2% in
the model (Table 2), which means these four variables contain the most significant and
useful information to predict species distribution. Similarly, precipitation of the warmest
quarter (Bio 18, 43.6%) had the highest contribution in the M. punicea model and, followed
by precipitation seasonality (Bio 15, 15.8%), temperature seasonality (Bio 4, 8.6%), and
elevation (8.5%) (Table 3), they totally accounted for 76.5% of the contribution value and
were identified as main factors influencing the species’ spatial distribution.

The thresholds (presence probability > 0.25) of the main environmental parameters
were obtained from the response curve (Figure 4). The presence probability of all species is
the greatest with 300–400 mm precipitation of the warmest quarter (Figure 4). In Meconopsis,
temperature seasonality (>500) and annual mean temperature (>8 ◦C) beyond thresholds
affect the habitat suitability, and the most suitable elevation was about 3700 m (Figure 4a).
M. integrifolia had the highest probability of existence when the annual mean temperature
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was about 10 ◦C and precipitation seasonality was 60–95. With the maximum probability
of species occurrence when precipitation value reached 20 mm in the coldest quarter for
M. integrifolia (Figure 4b). M. horridula was most likely to occur at elevations between
3200 and 4800 m, with the most suitable temperature seasonality ranging from 500 to 800,
and isothermality had a sigmoid trend with the maximum species presence probability
when its value up to 54 (Figure 4c). For M. racemosa, the optimum ranges of temperature sea-
sonality, annual mean temperature, and precipitation of the coldest quarter were 540–690,
0–13 ◦C, and 10–30 mm, respectively (Figure 4d). The response curves of M. punicea in-
dicated that precipitation seasonality, temperature seasonality and elevation followed a
Gaussian shape, and they were within a certain range when the probability of species
occurrence was higher (Figure 4e).

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Relationships between key predictor variables and probability of presence of (a) Meconopsis
species, (b) M. integrifolia, (c) M. horridula, (d) M. racemose, and (e) M. punicea.

Table 3. Relative contribution (%) of environmental variables to the MaxEnt model output for (a)
Meconopsis species, (b) M. integrifolia, (c) M. horridula, (d) M. racemosa, and (e) M. punicea.

Variable Code a b c d e

Precipitation of Warmest Quarter Bio18 43.8 59.2 36 37.7 43.6
Temperature Seasonality Bio4 20 2.7 11.5 24.4 8.6

Elevation Elevation 13.5 1.8 11.8 4.4 8.5
Annual Mean Temperature Bio1 7.8 18.9 10 16.7 7.5

Precipitation Seasonality Bio15 5.3 8.3 4.9 1.4 15.8
Isothermality Bio3 3.9 0.2 10.2 4.3 1.4

Slope Slope 2.6 2.3 5.4 2.4 2.3
Mean Diurnal Range Bio2 1.5 0.6 3.7 1.6 3.2

Precipitation of Driest Month Bio14 1.1 0.4 4 0.3 4.9
Precipitation of Coldest Quarter Bio19 0.3 5.5 1.6 4.4 2.6

Aspect Aspect 0.1 0.3 1 2.4 1.6

3.2. Current Potential Geographical Distribution Patterns of Species

The grade of the suitability zone of species has been presented in Figure 4 under the
current climatic conditions across the whole study area. The potentially suitable habitats
of Meconopsis are mainly distributed in the Himalaya and Hengduan Mountains, with an
area of 1417.92 × 103 km2, 31.74% of the total area. The high-suitability area accounted for
only 0.23% of the study area, which is mainly distributed in the central Himalaya and the
Nujiang and Jinsha River Basins in Yunnan Province (Figure 5a, Table 4). The potentially
suitable distribution area of M. integrifolia extended from the western Himalaya to the east
of Hengduan Mountains, with 1105.33 × 103 km2 in total, accounting for 24.74% of the
study area. Among these areas, the low and medium suitable areas were dominant, while
the high suitable regions were concentrated in the Jinsha River Basins in Yunnan Province,
with an area of only 9.14 × 103 km2, accounting for 0.2% of the total study area (Figure 5b,
Table 4). The most suitable region for M. horridula was located from the central Himalaya
to the Hengduan Mountains, including the Minshan and Qilian Mountains, with a total
area of 1428.40 × 103 km2, accounting for 31.98% of the study area, while the area of the
middle- and low-suitability zone (31.52%) was much larger than that of high suitable area
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(0.46%) (Figure 5c, Table 4). Unlike M. integrifolia and M. horridula, the potentially suitable
habitat area for M. racemosa was much smaller, accounting for only 15.78% of the study
area, but with a slightly larger high suitable area than M. integrifolia and M. horridula (0.55%,
24.51 × 103 km2), mainly scattered in the eastern Himalaya and the Hengduan Mountains
(Figure 5d, Table 4). The suitable habitat for M. punicea covered an area of 407.19 × 103 km2,
accounting for less than 10% of the study area, and it was concentrated in the eastern part
of the Hengduan Mountains, while regions with middle and high suitability for this species
were mainly concentrated in the East Kunlun Mountains (Figure 5e, Table 4).

Figure 5. Potential geographic distributions of (a) Meconopsis species, (b) M. integrifolia,
(c) M. horridula, (d) M. racemosa, and (e) M. punicea under current climate conditions in the study area.
In this case, the probability of occurrence of Meconopsis species is categorized as low-, medium-, and
high-suitable areas based on results of niche modeling.

Table 4. The areas of different suitable habitat of Meconopsis species based on model predictions
under current climate scenario. (Unit: 103 km2).

Probability of Occurrence Meconopsis M. integrifolia M. horridula M. racemosa M. punicea

Unsuitable (<25%) 3049.07 3361.65 3038.57 3761.98 4059.79
Low suitable (25–50%) 944.89 672.12 920.74 453.50 231.63

Medium suitable (50–75%) 462.92 424.07 486.94 226.99 152.11
High suitable (>75%) 10.11 9.14 20.72 24.51 23.45

We found that the mean elevation distribution of suitable habitats for all species ranged
from 3200 m to 4300 m (Table 5). For the genus Meconopsis, the distribution elevation range
of the middle- and high-suitable zones was narrower than that of the low-suitable zones,
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and the elevation range of the high suitable zone was only 381 m, distributed in the
area over 4000 m above sea level. The elevation widths of the low-suitable habitats of
M. integrifolia, M. horridula, M. racemosa, and M. punicea were larger than those of the
medium- and high-suitable habitats. In the high-suitable habitats, the elevational width of
M. integrifolia was the narrowest at 843 m. In the medium-suitable habitats, the elevation
width of M. punicea was 2320 m, which was the narrowest among them. M. punicea still
had the narrowest elevation width of 2777 m in the low suitability habitat, and M. horridula
had the widest in all suitability habitats, which means that it was better adapted than the
other three species.

Table 5. Elevational pattern in species potential distribution in climate change scenarios under current
climate conditions, in regions exhibiting high, medium, and low probability of species occurrence. All
values in meters above mean sea level. (a: Meconopsis, b: M. integrifolia, c: M. horridula, d: M. racemosa,
e: M. punicea).

Species
Low Suitable (25–50%) Medium Suitable (50–75%) High Suitable (>75%)

Mean ± SD Min Max Mean ± SD Min Max Mean ± SD Min Max

a 4111 ± 791 2014 5983 3586± 737 2049 4988 4194 ± 142 4043 4424
b 4139 ± 760 2033 5983 3628 ± 713 2049 4925 3620 ± 367 3279 4122
c 4265 ± 807 2049 5953 4027 ± 643 2126 5406 4118 ± 540 2599 4617
d 3877 ± 766 2049 5142 3718 ± 647 2058 4707 3697 ± 391 2928 4259
e 4084 ± 565 2180 4958 3817 ± 454 2326 4646 3234 ± 484 2237 3677

3.3. Species Richness Geospatial Patterns of Meconopsis

We found an uneven spatial distribution of Meconopsis, with species richness ranging
from 0 to 14 species per grid; most of the species were concentrated in the southeastern and
southern regions of the study area (Figure 6a), i.e., the Hengduan Mountains, the central
and eastern Himalaya, and the southeastern part of the plateau platform adjacent to the
Himalaya and Hengduan Mountains, with relatively higher the species richness than other
parts. According to the number of species per grid, we divided species richness into three
categories: low (0–3), medium (3–8), and high (8–14). From Figure 6b, we could find that
the areas with high species richness were mainly forests, while the areas with moderate
species richness were forests and grasslands. In the Hengduan Mountains, central and
eastern Himalaya, the areas with high and medium species richness were mainly forests,
and in the plateau were mainly grasslands. The area with medium–high species richness in
all subregions accounted for less than 10%, except for 18.3% in the Hengduan Mountains.
Particularly, there was no area with medium–high species richness.

3.4. Species Richness Pattern along Environmental Gradients

The species richness gradient in the study area exhibited a hump-shaped pattern
with increasing richness with elevation, peaking at around 3900–4100 m and declining
toward the ends of the elevational gradient (Figure 7a). The pattern of Meconopsis plant
richness along the latitudinal gradient increased remarkably to the maximum and gradually
decreased with Gaussian shape fitted (R2 = 0.96, Figure 7b). The richness of Meconopsis
species showed a more or less monotonous increasing trend along the longitudinal gradient
and was found absent beyond 104◦ (Figure 7c). In our study area, their richness varied
strongly with the slope gradient with peaks occurring between 6◦ and 11◦, and decreasing
in both directions (Figure 7d). The Meconopsis plant richness presented a clear hump-shaped
pattern along the aspect gradient, reaching its peak at the range of 150◦ to 200◦ (south slope
or sunny slope), and it was similar at both the highest (north and northwest slopes) and
lowest (north and northeast slopes) aspect belts (Figure 7e). In a word, the polynomial curve
fitted precisely for richness patterns of Meconopsis plant along the elevation, longitude,
slope, and aspect, with reasonable R2 values (R2 > 0.5).
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Figure 6. Spatial distribution of species richness of Meconopsis per 50 km × 50 km grid cell. (a) species
richness distribution of each grid in the study area; (b) the distribution of species richness of
Meconopsis in different vegetation.

Figure 7. Cont.
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Figure 7. Species richness pattern of Meconopsis along the studied slope (a), latitudinal (b), longitudi-
nal (c), elevational (d), and aspect (e) gradient.

3.5. Ecological Landscape Fragmentation and Species Richness

High PD in all subregions indicated a relatively large degree of landscape fragmenta-
tion across the pan-Himalaya that was quite similar in all subregions (Figure 8). Specifically,
the plateau platform occupied the largest proportion of the study area with the highest PD
(152.4069), while the central Himalayan region had the lowest PD (103.3529). In terms of
the CONTAG, the value was the highest in eastern Himalaya (66.2219), indicating better
connectivity between dominant patches in the landscape, while the CONTAG of the west-
ern Himalaya was the lowest (60.1523). The results of PR illustrated that each subregion
covered all land-use types. For SHDI, all subregions were greater than 0.8, indicating
high landscape heterogeneity in the study area, and the highest SHDI value was in the
western Himalayan region (1.3280). According to the four landscape indices, the degree of
landscape fragmentation in each subregion from high to low was the western Himalaya,
plateau platform, the Hengduan Mountains, the Central Himalaya, and eastern Himalaya.
Areas with the highest species richness were the Hengduan Mountains (35) and plateau
platform (34); the central Himalaya (20) and eastern Himalaya (19) had similar richness,
while the lowest richness was in the western Himalaya.
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Figure 8. Ecological landscape index and species richness in each sub-region.

4. Discussion

4.1. Divergent Environmental Factors Affect the Spatial Distribution of Meconopsis Species

The long-term joint influence of several factors resulted in the geographical distri-
bution of plants. Climate is the most important factor determining the geographical
distribution of plants on a regional scale [60,61]. The findings for MaxEnt indicated that the
precipitation of the warmest quarter (Bio 18) had the greatest effect on the distribution of
all Meconopsis species amongst the 11 environmental variables involved in modeling, and
this is consistent with our previous study in Minjiang headwater region [42]. Since precipi-
tation can affect plant growth, morphology, phenology, and biomass accumulation [62–66],
in particular for seedling emergence and establishment [67], an appropriate degree of
precipitation can supply sufficient water and promote plant growth; however, excessive
rainfall can deteriorate the soil permeability [68], creating an anaerobic environment that
inhibits the regular respiration of roots [69], and limits plant growth and development
by influencing their metabolism [70]. Moreover, waterlogging can also cause stomata to
close and photosynthesis to decrease, and increases the energy consumption for respiration,
affecting the accumulation of organic matter [71]. In addition, high humidity caused by
excess water favors the rapid multiplication of pathogens and the formation of serious
diseases that not only threaten the survival of plants but also their distribution patterns on
a geographical scale [72]. The species response curves demonstrated that the ecological
amplitude of precipitation is small, indicating the narrow tolerance range of Meconopsis to
precipitation and limiting the geographical distribution range.

Temperature variation affects plant distribution by influencing their germination,
water absorption, photosynthesis, transpiration, respiration, reproduction, and growth [73].
Our results showed that temperature seasonality (Bio4) and mean annual temperature
(Bio1) were the two dominant temperature-related factors affecting the habitat suitability
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of Meconopsis species. Elevation was another key variable that had a strong indirect impact
on the distribution of Meconopsis species. It integrates the effect of temperature, humidity,
light, and other indicators to make secondary allocation of resources for influencing species
composition and distribution [74,75]. Under the current climate, a potentially suitable
area for Meconopsis was mainly distributed in the southeast Qinghai-Tibet Plateau and
Hengduan Mountains where have similar climate conditions, particularly in terms of hydro-
thermal coupling. Monsoons, with sufficient rainfall with suitable temperature conditions,
bolster the growth and development of alpine vegetation [76], accumulating assimilation
products for overwintering and reproduction. Furthermore, high mountains and valleys
are distributed in tandem with tremendous elevation variation, which creates a unique
climate with cold temperatures at the mountain top and dry-hot conditions at the foot of the
mountain. The suitable habitats of Meconopsis are mostly distributed in the alpine regions
above 3500 m, consistent with their preference for cold and cool ecological habits [77,78].
This comprehensive analysis found that elevation and variables related to precipitation
and temperature were the key factors restricting the distribution of Meconopsis.

4.2. The Richness of Meconopsis Species Varies along Geospatial Gradients

The decline of plant species richness from the equator to the poles is one of the
most striking ecological patterns on Earth [79]. However, along the longitudinal gradient,
from west to east, plant species richness increases with increasing wetness in different
regions of the study area [80–83]. The highest species richness of Meconopsis was founded in
Hengduan Mountain, which stands at the intersection of latitudinal and longitudinal curves
(Figure 5) providing appropriate hydrothermal conditions, high habitat heterogeneity, and
complex terrain [84,85] for the growth of Meconopsis species. Interestingly, many areas
with medium and high species richness were forests. This contradicted our common
knowledge that their favorable habitats are shrublands or grasslands, which might be due
to scale variations or spatial resolution since shrub and grassland patches in forests are
often classified as forests at a 300 m spatial resolution. Moreover, it is generally accepted
that forests, shrubs, deserts, and other plant communities with woody plant coverage of
less than 40% should be classified as grassland [86]. However, the grassland area calculated
based on the area of herbaceous vegetation here is underestimated.

Topography (elevation, slope, and aspect) has a significant impact on the spatial
distribution of plants by influencing habitat temperature and humidity [87,88]. Meconopsis
species richness revealed a unimodal distribution pattern along the elevational gradients in
mountainous regions (Figure 5), similar to prior studies [89–91]. This may be attributed to
the appropriate mild habitats for plant growth in mid-elevation [92], and this mid-domain
effect was highly pronounced in the Himalaya [91], which brings in more rainfall than
higher elevations in monsoon and decreases from the southernmost to the northernmost
slopes [93]. The optimum temperature decreases along with the elevation increase, and
only a few species can adapt to harsh environments [91,94]. Lower Meconopsis species
richness beyond mid-elevations can be attributed to the decrease of soil cover with more
rocks and slow biogeochemical cycle in contrast with favorable mid-elevation providing
higher atmospheric moisture and cooler summer temperature [95]. Some species have
specific requirements for slope and aspect [96], which directly or indirectly influence
the solar radiation, temperature, and soil conditions [97,98] In concordance with other
studies, we found that species richness of Meconopsis was higher on the sunlit southern
slope as compared to the northern slope [99]. Meanwhile, the steeper slope triggers soil
erosion [97] which stunts seed settling and plant growth [100]. Therefore, gentle slopes
have higher species richness and plant growth as compared to steeper slopes. [97]. All the
aforementioned topographical variables play essential and unique roles in the distribution
of Meconopsis.
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4.3. Linkage and Relations between Landscape Heterogeneity and Species Richness

The complex spatial heterogeneity of mountain areas provides advantageous condi-
tions for biodiversity with a variety of patch types [101]. However, our study did not find a
relatively clear relationship between landscape fragmentation and species richness, which
might be relevant to inconsistent scale and metastability [29,30,102]. At the landscape scale,
the degree of landscape fragmentation seems to have little impact on the species richness
of Meconopsis. Given that spatial heterogeneity such as topography can significantly affect
the richness [103], the effects of landscape fragmentation are probably more pronounced at
comparatively smaller scales.

A larger habitat can harbor more species and support richer plant communities with
more available resources [104]. Therefore, it is easy to understand why the species richness
is higher on the plateau platform than in other parts, whose higher species richness is
mainly concentrated in the southeastern part. Blocked by the Himalaya and Gangdise
mountains, warm moist air from the Indian Ocean flows into China along the Hengduan
Mountains, thus bringing abundant rain to the southeastern of the Qinghai-Tibetan Plateau.
While the western Himalaya has the lowest species richness with a quite fragmented
landscape, the region is inherently less suitable for Meconopsis because of poor hydrothermal
conditions [105], and this is consistent with the current potential distribution modeling
results. The lower latitudes of the central and eastern Himalaya on the southern slope of
the Himalaya with abundant summer rainfall have a higher species richness. [105,106]. The
Hengduan Mountains are climatically influenced by the westerly circulation and the Indian
and Pacific monsoon circulation, with dry winters and rainy summers, which are ideal for
the more abundant Meconopsis; despite their smaller area than the plateau platform, the
species richness of Meconopsis is more abundant.

5. Conclusions

Our study discovered that the potential distribution regions with medium- and high-
suitable habitats for Meconopsis, under the current climate scenario, were mainly located
in the central and eastern Himalaya, Hengduan Mountains, and the southeast edge of
the plateau platform. Precipitation of the warmest quarter had the greatest impact on
the distribution of Meconopsis species. We also found species richness within the genus
Meconopsis was distributed in a unimodal pattern along geospatial gradients except for the
longitudinal gradient in pan-Himalaya. However, no obvious consistent relationships exist
between landscape fragmentation and species richness for Meconopsis. Our findings not
only promote an understanding of the distribution and diversity of Meconopsis species but
also provide an indispensable foundation for future studies on Meconopsis plant functions
and the sustainability of alpine ecosystems. This study also provides data and theoretical
support for species diversity protection policies in pan-Himalaya and adjacent regions.
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Abstract: Enclosure (prohibition of grazing) is an important process to restore alpine grassland on
the Qinghai-Tibetan Plateau. However, few studies have quantified the extent to which the long-term
enclosure may contribute to the changes in plant phylogenetic diversity and community assembly in
alpine grassland under environmental change. In this study, based on an 11-year fencing experiment
along an altitudinal gradient ranging from 4400 m to 5200 m in central Tibet, we conducted an
observation of species composition and coverage within and outside the fences in the fifth, eighth
and eleventh year, and monitored the related climate and soil factors at 7 sites. Our aim is to
quantify the relative effects of environmental change and grassland management on the alpine
plant community assemblage. The results were: (1) the overall phylogenetic structure (NRI) of the
alpine plant communities, whether inside or outside the enclosure, was divergent at altitudes where
the environment was relatively unextreme (4800–5100 m), but aggregative at altitudes with low
precipitation (4400–4650 m) or with low temperature (5200 m). (2) The phylogenetic structure of the
nearest taxon of species (NTI) was more aggregative along the whole gradient. (3) Precipitation was
the dominant factor driving the changes in species richness, phylogenetic diversity and community
α-phylogenetic structure indices (NRI and NTI), followed by enclosure duration and soil C:N ratio.
(4) The phylogenetic structure of the communities was similar at higher altitudes under grazing or
enclosure treatments, and was opposite at lower sites. Stochastic processes have driven the changes
in the communities between inside and outside the fences at all altitudes. In addition, homogeneous
dispersal occurred in communities at higher sites. In summary, the 11-year enclosure had little effect
on community structure of alpine meadows where the grazing pressure is relative lower, whereas it
could help restore the community of steppe meadow at lower altitudes where the grazing pressure
is extensively higher. This study may provide a vital theoretical support for the formulation of
differential management for alpine grassland on the Tibetan Plateau.

Keywords: alpine meadow; community structure; enclosure and grazing; phylogenetic and taxonomic
diversity; the Tibetan Plateau

1. Introduction

There is increasing evidence that conserved traits of ecological niches play an impor-
tant role in ecology and phylogenetic evolution [1,2]. In the context of the long-term debate
between ecological niche theory and neutral theory [3–10], researchers have also found that
deterministic ecological processes (e.g., environmental filtration and biological interactions)
and stochastic ecological processes (e.g., birth/death, species formation/extinction and
migration) can both affect the community assembly [11–17] and are considered as comple-
mentary in reality ecosystems [18,19]. Therefore, revealing factors that control the relative
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impact of deterministic and stochastic processes at different spatiotemporal scales has
become one of the core issues of community assembly [20]. Based on the neutral hypothesis
of biomolecular evolution, Vellend [21] set up a theoretical framework, dividing community
dynamic processes into selection, dispersal, speciation and ecological drift. Due to the
development and functioning of the above four processes, the impact of the deterministic
process gradually decreased, while that of the stochastic process gradually increased [22].
This theoretical framework unifies ecological niche theory and neutral theory and exerts a
wide impact on community ecology [19,23–26]. This theoretical innovation also opens a
new way to deconstruct the community assembly mechanism in different ecosystems.

Over the past decades, grassland degradation has become one of the vital problems
of global changes threatening the stability of the terrestrial ecosystem [27–29] and hinders
the sustainable development of regional economies and environments [30,31], and will
eventually endanger human society, economic development and earth habitat [29]. On the
Qinghai-Tibet Plateau (QTP), alpine grassland is the most widely distributed vegetation
type, occupying approximately 60% of the whole area [32]. However, the short growing sea-
son length of alpine plants and the increasing number of livestock have led to widespread
overgrazing in this region [33–35]. The impact of climate change (e.g., warming and drying)
has now degraded up to 4.25 million ha of alpine grassland, accounting for one-third of
the grassland area of the QTP [36]. As one of the common methods of vegetation restora-
tion and rehabilitation of degraded grasslands [37,38], fencing refers to the use of fencing
facilities to enclose grasslands for a certain period of time to recuperate and regenerate
grassland plants, improve productivity and restore biodiversity [37,39]. Different studies
reported different conclusions about the impact of enclosure on the phylogenetic commu-
nity assembly. For example, studies on temperate grasslands in North America found that
grassland restoration resulted in increased competition for dominant species, with more
closely related species being excluded from the community, leading to an overdispersion
pattern of community phylogeny [40]. In the Netherlands, a 7-year enclosure treatment
promoted a more stochastic plant community assembly in a floodplain grassland [41].
However, in temperate shrub-grasslands in northern China, Hao found that the long-term
enclosure enhanced the negative effect of competition between dominant species and
auxiliary species, resulting in a more aggregated community phylogenetic structure [42].
Meanwhile, Sun found that the short-term enclosure did not result in significant differences
in the community phylogenetic structure in alpine steppes meadows. It is also found that
the effect of grazing on the community phylogenetic structure in alpine grasslands of north-
ern Tibet was more correlated with grazing intensity [43]. High grazing intensity shifted
the community phylogenetic structure from dispersion to aggregation, while low grazing
intensity had little effect on species richness and community structure [44]. However, the
above studies have not yet quantified the extent to which interannual changes of environ-
mental factors during restoration may affect the phylogeny of grassland communities. In
addition, whether the community assembly in alpine meadows is dominated by stochastic
or deterministic processes during restoration, and whether there exists altitudinal variation
is yet poorly known and needs to be answered.

The widely distributed alpine grassland on the QTP, with large altitudinal gradients
and fenced versus grazing pastures, provides us an ideal platform to explore whether
the long-term enclosure may contribute to the changes in phylogenetic diversity and
community assembly in alpine grassland under climate change. We therefore set up an
experiment along the altitudinal gradient in central Tibet to reveal the mechanism of alpine
grassland community assembly during 11 years of enclosure. Previous studies have shown
that species richness and aboveground biomass along the gradient reflected a unimodal
pattern, while the limiting climatic factors at the upper and lower limit of the gradient
were low temperature and drought, respectively [45]. We hypothesized that environmental
filtering dominates the phylogenetic structure of alpine grassland plant communities, and
the phylogenetic structure of plant communities at high and low altitudes is relatively
clustered, while the phylogenetic structure at medium altitudes is divergent. In addition,

54



Diversity 2022, 14, 832

we guessed that the change of phylogenetic community structure similarity between inside
and outside fences may be related to the grazing intensity and enclosure time period, and
it will happen at lower altitudes with high grazing pressure rather than at higher altitudes.
Therefore, our aims were to (1) clarify the relative effects of environmental factors and
grassland management on plant species richness and phylogenetic community assembly of
alpine grassland and (2) reveal the relative impact of stochastic processes and deterministic
processes on alpine grassland restoration.

2. Materials and Methods

2.1. Overview of Study Sites

The experiment was set up on the southern slope of Nyenqing-Tanggula Mountain in
the central Tibetan Plateau (30◦30’–30◦32’ N, 91◦03’ E; 4400–5200 m), near the grassland
station in Dangxumg County, Tibet (Figure S1). This region is dominated by a semi-arid
continental climate. According to the data of the Dangxumg meteorological station (4 km
from the lowest site and 4288 m a.s.l.) during 1963–2017, the annual mean air temperature
and precipitation were 1.94 ◦C and 479 mm, respectively. There are increasing trends of
annual mean air temperature from the 1970s, and annual precipitation from the 1980s to
the 2000s (unpublished data). As the only pure animal husbandry county in Lhasa, the
capital of Tibet, Dangxumg County is rich in grassland resources (about 70% of the total
area is grassland). Due to the high quality and vast area of grassland, the number of yak
and sheep in this county reached 2.837 × 105 and 2.215 × 105 in 2017, respectively. In our
study area, the resident settlement sits at the lower altitudes (Figure S1) where the grazing
intensity is much greater than at higher altitudes.

In 2005, nine HOBO automatic weather stations (Onset Inc., Bourne, MA, USA) were
installed at 4400 m, 4500 m, 4650 m, 4800 m, 4950 m, 5100 m, 5200 m, 5300 m and 5500 m
(Figure S1). Air temperature (1.5 m above ground) and precipitation dynamics were
recorded by the HOBO digger every 30 min. According to the automatic weather station
data along the gradient from 2006 to 2016, the multi-year growing season mean air temper-
ature (GST) decreased at a rate of 0.74 ◦C/100 m. However, growing season precipitation
(GSP) showed a unimodal pattern with the maximum GSP (close to 500 mm) occurring at
5100 m and the minimum GSP (less than 370 mm) at and below 4650 m (Figure S2). The
soil nutrient content, including soil organic carbon and nitrogen, also showed a unimodal
pattern, with the maximum values occurring at 5100 m and minimum values at 4400 m
(Figure S2).

Along the slope, the alpine steppe meadows with dominant species of Stipa pillacea, S.
purpurea and Kobresia humilis are distributed at 4400–4600 m, while typical alpine meadows
with K. pygmaea as dominant species are mainly distributed between 4600 and 5200 m. Other
companion species include Androsace tapete, K. humilis, Potentilla saundersiana and Thalictrum
alpinum [45,46]. The grass line, i.e., the upper limit of grassland, locates around 5200 m
where the vegetation coverage is about 30–50%. The peak of vegetation above-ground
biomass (AGB) occurs in late July to early August.

2.2. Measurement of Species Richness and Coverage of Each Species

In September 2006, we set up a 20 m × 20 m fence at each of the six altitudes below
5200 m (Figure S1). All the fences were set near the automatic weather stations mentioned
above. At 5200 m, a large-sized fence was not used due to very low grazing intensity.
Four 1 m×1 m fixed quadrats were set up within and without the fence in each altitude.
Due to the chronic change of community in alpine grassland, species richness (SR) and
coverage of each species were investigated during the peak growing season (from late July
to early August) in 2011, 2014 and 2017. The quadrats were divided into 100 small grids of
10 cm × 10 cm, and the species names and coverage of each grid were recorded. Species
richness was defined as the number of species per unit area for each quadrat [45].
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2.3. Statistical Analysis

Species names were checked by R package plantlist and the assignment of families
and genera was based on the Angiosperm Phylogeny Group IV classification [47,48]. The
phylogenetic tree was generated by using the ape package [49].

Phylogenetic diversity (PD) has been considered to be a predictor of ecosystem func-
tioning as conserved traits of ecological niches [50] and represents the evolutionary potential
of a species setting against environmental changes [51]. Nowadays, PD has been increas-
ingly considered as a strategy to identify geographical regions with maximum diversity
and resilience to climatic fluctuations [52,53]. Therefore, to evaluate the total evolutionary
history of the species in an assemblage, Faith’s PD was used and calculated by ape and
picante package [49,54]. We also weighted the coverage of each species to calculate the Net
Relatedness Index (NRI) and the Nearest Taxon Index (NTI) for revealing phylogenetic
overdispersion (co-occurring species are more distantly related than would be expected by
chance) or phylogenetic aggregation (co-occurring species are more closely related than
would be expected by chance) by the null model of picante package [54–56].

In detail, a positive value of NRI or NTI indicates phylogenetic aggregation, and if the
value is greater than 2, the phylogenetic aggregation pattern is significant; a negative value
of NRI or NTI indicates phylogenetic overdispersion, and if the value is less than −2, the
phylogenetic overdispersion pattern is significant [57]. The above 3 indices are different
aspects of phylogenetic α-diversity in this study. Species richness and phylogenetic α-
diversity indices were compared between inside and outside the enclosure at different
altitudes using independent sample t-tests. We also used a one-sample t-test to compare
the values of NRI or NTI, as well as 0 (the value of total randomness).

To ensure that the environmental factors and experimental treatments had an effect on
community taxonomic and phylogenetic structure across the altitudinal gradient, we used
the mantel test in the ape package to assess the relationship between standard Euclidean
distances of environmental factors and phylogenetic dissimilarity in each quadrant [20].

The effects of management treatments, duration time of enclosure, soil C:N ratio, GST
and GSP on SR and phylogenetic α-diversity indices were analyzed using generalized
linear mixed-effects models (GLMMs) with generalized response variables being normal or
abnormal. Altitude was included as a random effect. The GLMM of the response variables
was modeled using a Gaussian error distribution with the lme4 package [58]. Using the
following model, X represents a response variable:

X∼management treatment + duration time + soil C:N + GST + GSP + (1/altitude)
The glmm.hp package was used to estimate the individual fixed effects of the response

variables [59]. If the individual fixed effect of factors was negative, we would eliminate the
factors and recalculate the equation without the factors.

Finally, to reveal the mechanism of community assembly within and outside the fence
at the same altitude, we measured phylogenetic β-diversity metrics (β-nearest taxon index:
βNTI, β-net relatedness index: βNRI, and Bray-Curtis-based Raup-Crick index: RCbray)
based on the null-model using the iCAMP package and NST package [26,60]. The meaning
of each phylogenetic β-diversity index and its threshold are shown below: if the |βNTI| or
|βNRI| > 2, the deterministic processes govern community composition and phylogenies
are more similar (homogeneous selection, βNTI or βNRI < −2), or phylogenies are not
similar (heterogeneous selection, βNTI or βRTI > +2). Subsequently, with an |βNTI|
or |βNRI| < 2 (stochastic pattern), RCbray was used to further distinguish between ho-
mogenized dispersal (taxonomically more similar, RCbray values < −0.95) and dispersal
limitation (taxonomically less similar, RCbray values > 0.95). In contrast, with |βNTI|
or |βNRI| < 2, and |RCbray|< 0.95, the community assembly was treated as an “un-
dominated” pattern, i.e., no single process drove changes in community composition [61].
We also compared the values of βNRI or βNTI with a one-sample t-test, as well as 0 (a
completely random value).
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SPSS25.0 (SPSS Inc., Chicago, IL, USA) and R 4.1.3 were applied for statistical analysis.
Graphpad 7.0 (San Diego, CA, USA) and the online site (https://www.chiplot.online/,
accessed on 26 September 2022) was used for drawing figures.

3. Results

3.1. The Overview of the Community Structure

In total, we observed 75 species of vascular plants in our study sites, representing
46 genera from 27 families (Figure 1). Considering the most species-rich families repre-
sented, Asteraceae, with the highest number of 16.2%, was the most common family among
the seven sites, followed by Poaceae with 9.5%, Cyperaceae with 9.5%, Gentianaceae with
8.1%, and Fabaceae with 5.4%, which together accounted for almost 50% of the total number
of plants. In addition, plots at higher sites (>4600 m) were dominated by Kobresia and
accounted for approximately 60% of the relative coverage, while those at lower altitudes
(<4600 m) were mainly dominated by Stipa which accounted for about one-third of the
relative coverage (Figure S3).

Figure 1. The phylogenetic distribution of all plants in this study. Different colored circles indicate
species that occur at different altitudes, blank circles indicate absence, and solid circles indicate
presence during the survey. The different colors of the branches correspond to different families in
the legend.
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3.2. Patterns of SR and α-phylogenetic Indices

There was an approximate unimodal pattern of SR and PD along the altitudinal
gradient no matter grazing or not. SR ranged from 7.75 ± 1.70 (at 4400 m in 2017) to
21.75 ± 1.44 (at 4800 m in 2017) within the fences, and from 11.00 ± 1.41 (4400 m in
2014) to 21.50 ± 1.32 (4800 m in 2011) outside the fences (Figure 2a,b). PD ranged from
763.43 ± 119.55 (4400 m in 2017) to 1736.77 ± 55.68 (4800 m in 2017) within the fences, and
from 879.79 ± 100.30 (4400 m in 2014) to 1642.67 ± 117.88 (4800 m in 2011) outside the
fences, resembled that of SR (Figure 2c,d). However, there was no consistent pattern in NRI
and NTI along the gradient. NRI ranged from −0.76 ± 0.20 (4950 m in 2017) to 2.73 ± 0.27
(4650 m in 2017) within the fences, and from −0.91 ± 0.18 (4800 m in 2017) to 2.60 ± 0.54
(4500 m in 2011) outside the fences (Figure 3a,b). NTI ranged from −0.49 ± 0.32 (at 4800 m
in 2017) to 2.89 ± 0.27 (at 4500 m in 2011) within the fences and from −0.23 ± 0.28 (4500 m
in 2017) to 2.87 ± 0.27 (4500 m in 2011) outside the fences (Figure 3c,d).

Figure 2. Dynamic variations of effects of enclosure and grazing on (a,b) species richness (SR)
and (c,d) Faith’s phylogenetic diversity along the altitudinal gradient. Asterisk denotes significant
difference in SR or phylogenetic diversity among different years. * P < 0.05, ** P < 0.01, *** P < 0.001.

There existed significant interannual variations for these indicators. For example, SR
and PD in fenced plots at 4650 m sharply decreased in 2017 compared with 2011 and 2014.
NRI in grazing plots at 4500 m decreased significantly in 2017. NTI at 4400 m, 4500 m,
4800 m and 4950 m tended to decrease during the restoration period.

During the investigation period, there was no significant difference in SR between
inside and outside the fence at most altitudes, except a few cases (e.g., those at 4950 m
and 5100 m in 2011, and 4800 m in 2017, SR inside the fence was higher than that outside)
(Figure 4a–c). Similar to the findings of SR, no significant difference was found in PD
between inside and outside the fence at most altitudes, except a few cases (e.g., those at
4650 m and 5100 m in 2011, and 4800 m in 2017, PD was higher inside than outside the
fence) (Figure 4d–f). There was no significant difference in NRI and NTI between inside
and outside the fence at most altitudes (Figure 5).
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Figure 3. Dynamic variations of effects of enclosure and grazing on (a,b) net relatedness index (NRI)
and (c,d) nearest taxon index (NTI) along the altitudinal gradient. Blank and solid circles denote
insignificant and significant differences from zero in NRI or NTI of each year based on one-sample t
test, respectively. Asterisk denotes the significant differences in NRI among different years. * P < 0.05,
** P < 0.01, *** P < 0.001.

Figure 4. Differences in (a–c) species richness and (d–f) Faith’s phylogenetic diversity between
enclosure and grazing along the altitudinal gradient among different years. Solid circles are for
enclosure, and blank circles are for grazing plots. Asterisk denotes the significant difference between
enclosure and grazing. * P < 0.05, ** P < 0.01, *** P < 0.001.

59



Diversity 2022, 14, 832

Figure 5. Differences in (a–c) net relatedness index (NRI) and (d–f) nearest taxon index (NTI) between
enclosure and grazing along the altitudinal gradient among different years. Solid and blank circles
are for enclosure and grazing plots, respectively. Asterisk denotes the significant difference between
enclosure and grazing. Dashed and dotted line denote an NRI or NTI value of 2 and 0, respectively.
* P < 0.05, ** P < 0.01, *** P < 0.001.

In summary, SR and PD were relatively higher at higher altitudes (4800~5100 m).
Based on the data of NRI, the pattern of the phylogenetic structure was divergent or
random at higher altitudes (4800~5100 m) (NRI ≤ 0). At lower altitudes (4400~4650 m)
and the highest altitude (5200 m), the pattern of the phylogenetic structure was relatively
clustered (NRI > 0). And for NTI, the aggregation structure of closely related species was
common (NTI > 0) along the altitudinal gradient.

3.3. The Relative Impacts of Grazing Management, Duration of Enclosure and Environmental
Factors on SR and α-phylogenetic Indices

Mantel test found that both taxonomic and phylogenetic signals of alpine grassland
community along the gradient reflected a significant correlation with environmental factors
(Figure S4), indicating that taxonomic and phylogenetic parameters can indicate the impact
of environmental factors on community structure.

According to the established generalized linear model, for the whole altitude gradient,
the overall fixed factors impact by the model on SR change was 18.34%. The influence of
variation of GSP on SR change was more than 13%, and other factors just explained less
than 6.0% (Figure 6a). The overall fixed factors impact by the model on the change of PD
was 30.12%, and the influence of variation of GSP on PD change occupied more than half of
the total explanations of the model. The second large influential impact was the duration of
enclosure and soil C:N ratio which could explain 8.64% and 2.96%, respectively (Figure 6b).
The overall fixed factors impact by the model on the change of NRI was 12.86%, and the
variance explanations of three influential factors (duration of enclosure, variation of GSP
and soil C:N ratio) were 5.33%, 5.10% and 1.66%, respectively (Figure 6c). The fixed factors
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impact by the model on the change of NTI was 24.40%, and variation of GSP, soil C:N
ratio and duration of enclosure had a large impact on the change of NTI, with the variance
explanations of 18.96%, 3.81% and 1.63%, respectively (Figure 6d).

Figure 6. Relative contributions of GST, GSP, soil C:N ratio, enclosure duration f (ED, year) and grass-
land management (GM, enclosure vs grazing) to the variation of (a) species richness (SR), (b) Faith’s
phylogenetic diversity (PD), (c) net relatedness index (NRI), and (d) nearest taxon index (NTI).

3.4. Patterns of β-phylogenetic Indices between Enclosure and Grazing Plots

In order to estimate the assembly process of plant assemblages in the alpine grassland
on the QTP, we calculated the β-phylogenetic indices between the fenced and grazing plots.
We found that there were differences in βNRI between 4500 m and other altitudes in 2011
and 2014. The βNRI values of 4500 m in 2011 and 2014 were less than −2, and those of the
other plots were between −2~2. Compared with 0 (ecological drift), the values at other
altitudes were significantly different from 0 in most cases except that at 5100 m in 2017
(Figure 7a). The βNTI at most sites ranged between −2 and +2 (Figure 7b). Compared
with 0 (ecological drift), the frequency of insignificant difference of βNTI was higher at
high altitudes. RCbray was negative at all altitudes, and was less than −0.95 from 4650 m to
5100 m in most years (Figure 7c). In addition, the β-phylogenetic indices showed significant
inter-annual differences, e.g., βNRI at 4400 m, 4500 m, 4950 m and 5100 m, βNTI from
4650 m to 4950 m, and RCbray at 4800 m (Figure 7).
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Figure 7. Effects of different types of grazing management on (a) net relatedness index based on
β-diversity (βNRI), (b) nearest taxon index based on β-diversity (βNTI) and (c) Raup–Crick-based
measure (RCBray) along the altitudinal gradient among different years. Dashed lines represent the
threshold value of each index. Different letters indicate the significant differences (P < 0.05) among
different years. Asterisk denotes values that are significantly different from zero based on one-sample
t test. * P < 0.05, ** P < 0.01, *** P < 0.001.

4. Discussion

Biodiversity plays a key role in maintaining and enhancing ecosystem structure,
function and stability [62,63]. Therefore, biodiversity has long been the research hotspot
in ecology and evolution. However, most studies concentrated on taxonomic diversity,
which would lose some dimensions of biodiversity [64], and taxonomic always introduces
polyphyletic groups that lead to frequent failure of taxonomic groupings to map onto
ecologically relevant issues [56]. In contrast, phylogenetic diversity combines informa-
tion from taxonomy and species’ evolutionary history, and therefore better represents
ecological variation in functional traits and greatly expands the depth of biodiversity re-
search [13,65,66]. In this study, SR was used to characterize the taxonomic diversity of the
community, and PD, NRI and NTI were used to characterize the phylogenetic diversity
of the community. For the community phylogenetic structure, this study found that NTI
was generally more aggregated than NRI. Some researchers believed that the calculation
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method of the phylogenetic index may explain this difference [61,67], since NRI represents
the overall structural pattern of the entire phylogenetic tree, while NTI focuses more on the
top of the branches [1]. Therefore, NTI shows a stronger display of a uniform dispersion
signal, for the similarity of the close relatives is much smaller than other species from the
whole phylogenetic tree in the community. This is exactly supported by the current study.
It is suggested that the ecological niche evolution has been relatively conservative and the
relatively close species are generally more adapted to similar environments, although rapid
uplift processes and repeated ice ages on the QTP have shaped a relatively high species
diversity in this region, ultimately leading to aggregation of NTI.

Enclosures are the most common management tool for grassland restoration, and
many experiments have shown that enclosures can improve grassland productivity and
promote the restoration of species richness [68–70]. In general, large-scale environmen-
tal factors (i.e., climate factors of temperature or precipitation) select species from the
regional species pool [71], while small-scale environmental factors (i.e., species interaction
grazing/enclosure) generate further filtering [72]. In our study, we found that different
pasture management had no significant effect on species richness, phylogenetic diversity,
and phylogenetic structure across the altitudinal gradient (Figure 6). However, in certain
altitudes, there is a controversy of different patterns of SR and NRI/NTI between enclosure
and grazing treatment to some degree. Calculation formulas of NRI and NTI need to weigh
the relative coverage of each species, while SR and PD do not need to do that, and so
highlight rare species [73,74]. After a 11-year restoration, the species interactions might
also exert an impact on NRI/NTI differences inside fences. And the high intensity of
competition (e.g., light, water and nutrient competition) between dominant species and
auxiliary species in the fence may lead to the consequence of NRI/NTI differentiation
between outside and inside the fence, which is consistent with the results of enclosure
shrub invasion plots in temperate grasslands in northern China [42]. In addition, we found
that in 2017, compared to the other two years of the investigation, there was a significant
decrease in the degree of aggregation of the phylogenetic structure outside the fence at
low altitudes close to the settlement (Figure 3), which may be related to the strengthening
of local environmental protection and the reduction of grazing pressure. As for the large
difference in SR between inside and outside the high-altitude fences, it may be affected by
grazing. And there are more rare species in the fence, which may lead to the differences at
higher altitudes in some years. At low altitudes, due to long-term high-intensity grazing,
the phenomenon of lack of rare species may be caused by the local seed bank. Even if
the coverage of species inside and outside the fence is different, there is little difference in
species richness. In brief, compared with SR and PD, NRI and NTI can reflect the impact of
grazing on community structure, i.e., the impact of grazing interference at lower altitudes
is greater than at higher altitudes.

Strong environmental gradients are powerful ways to study natural selection, espe-
cially in alpine ecosystems where environmental filtering is often recognized to be the
only main driver of community assembly [75]. In this study, we found that the effect of
precipitation on species richness, phylogenetic diversity and community phylogenetic
structure were greater than that of temperature, consistent with our previous findings on
aboveground biomass (unpublished data). Additionally, studies from alpine meadows in
northern Tibet and wetland plants in the QTP concluded that plant species richness and
phylogenetic diversity in arid and semi-arid areas of the QTP were mainly driven by precip-
itation [61,76]. However, Zhang found that temperature was the dominant environmental
factor affecting the phylogenetic structure of alpine meadow communities compared to
precipitation, and that the low temperature is the dominant force of natural selection [76].
Our study showed that in arid and semi-arid ecosystems of the QTP, although plants are
exposed to low-temperature stress, precipitation is more likely a limited resource that may
help maintain greater community coverage and species diversity. For the community phylo-
genetic structure in the middle and low altitudes ( ≤ 4650 m), relatively higher temperature
and lower precipitation as the environmental filter caused a decrease in soil water availabil-
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ity, and the community was mainly composed of species like Stipa and Gramineae with
relatively deep root systems as the co-dominant species, leading to an aggregated pattern of
community phylogenetic structure. However, at middle and high altitudes (4800–5100 m)
with more abundant precipitation and higher soil moisture availability, the species richness
was also higher, and the interspecific competition effects might be relatively strong, leading
to a relatively divergent community phylogenetic structure. In addition, the aggregation
pattern of the community phylogenetic structure near the highest altitude of the grass
line (5200 m), was more likely to be related to temperature, as cold temperature is often
accompanied by more frequent meteorological extremes including frost and hail, especially
at the upper edge of the grassland distribution [77]. Furthermore, only a small number of
cold-tolerant species that can share similar environmental adaptation strategies were even-
tually selected by nature. Moreover, it has also been shown that the relative importance of
environmental factors on phylogenetic structure increases as the species pool decreases [78],
ultimately leading to the aggregation of community phylogenetic structure at lower and
higher altitudes. In general, we found that the environmental filtering factors were not
influential as proposed to affect species richness, phylogenetic diversity, and phylogenetic
indices to a high degree, partly consistent with Qian who argued that shrubs and herbs
are less sensitive to climate compared to trees and attributed this to their smaller sizes as
they can be sheltered by micro-habitat effects [67]. However, the patterns of NRI and NTI
along altitudinal gradient still suggested that the sometimes-questionable dogma-habitat
filtering may lead to phylogenetic clustering, and that competitive exclusion will lead to
phylogenetic overdispersion [55,79].

Most studies have shown that competitive exclusion dominates community assembly
in climax communities in arid and semi-arid regions [80–82], while some researchers
believe that the environmental filtering processes drive community assembly in degraded
communities [83,84]. Meanwhile, more and more studies have pointed out that stochastic
processes affect grassland community composition and structure [85–88]. However, studies
on the changes in plant community phylogenetic structure of alpine grassland during
the restoration period are still limited. Overall, the deterministic ecological processes
affecting community assembly include heterogeneous and homogeneous selection, and the
stochastic processes include homogeneous dispersal, dispersal limitation and ambiguous
processes [14,20,22,26,60]. In this study, at most altitudes, the pattern of phylogenetic βNTI
indicated that the community assembly was mainly determined by stochastic processes.
Additionally, according to the values of RCbray andβNRI, the similarity of communities
between inside and outside the fence is relatively low at lower altitudes (4400–4650 m),
which infers that the stronger grazing pressure leads to differences in the community
structure between inside and outside. This is especially true at 4500 m, where grazing
pressure was the highest and homogeneous selection occurred in the fifth and eighth
year after enclosure. At 4500 m, even after 8 years of enclosures, the environment still
showed homogenization whether inside or outside the fences, and the effect of enclosure
on community assembly remained insignificant. As homogenization is an important
form of biotic impoverishment, it may lead to an increased risk of species extinction
and reduce the resilience of the system to large-scale disturbances [89,90]. Until 10 years
after enclosure, stochastic processes became dominant in determining the variability of
community structure, which reveals that short-term restoration may not restore community
structure to a normal state in areas of intense grazing, and the threshold of enclosure
duration was similar to the result from an enclosure restoration experiment (13 years from
unhealthy stage to health stage) of typical steppe in Northern China [91]. For the middle
and high altitudes where grazing pressure was lower, the similarity of the communities
between inside and outside the fence was very high, and homogenous dispersal occurred,
indicating that the current grazing intensity exerts no significant impact on the community
structure in this area. Overall, the results suggested that grassland management should be
formulated rationally and depended on different situations. For instance, grazing intensity
needs to be reduced at middle and low altitudes, especially at 4500 m which is closest to the
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settlement (Figure S1), and fencing management can be appropriately decreased at middle
and high altitudes.

In most studies, the conserved hypothesis of ecological niche is the basis for inferring
ecological processes [14,20,26]. However, we found that phylogenetic signals behaved well
in remote relatives rather than in close relatives, albeit with a slight difference under the
taxonomic view (Figure S4), which led to some uncertainties in the study. For example, the
phylogenetic timing of most species at the genus level (Saussurea, Kobresia) and even at the
family level may have contributed to this problem. In the future, we need improvements in
technology to address the high resolution of the evolutionary history of species.

Although this study pointed out that the stochastic process dominated changes in
the community structure of alpine grassland during restoration and identified the specific
factors influencing the deterministic processes and the relative effects, the superimposed
and antagonistic effects of environmental filtering and biological interactions may also
contribute to the emergence of stochastic processes on community assembly [92]. This
may depend on the relative importance of ecological niche differences and interspecific
differences in competitiveness and/or mutualism [81]. Therefore, future studies need
to separate the effects of environmental filtering and interspecific species relationships
concisely [72] and refine the effects of deterministic processes on different scales on alpine
grassland community assembly.

5. Conclusions

Recently, patterns, processes and mechanisms underlying diversity have raised a
colossal interest in ecology. However, there is limited information about human activity
regarding plant community assembly in alpine grassland ecosystems. This study attempted
to provide insights into different grazing management on the diversity and the community
assembly process of alpine grassland on the QTP. We found that the overall phylogenetic
structure of the alpine grassland community was divergent at medium and high altitudes
(4800–5100 m) where the environment was relatively unextreme. At the lower altitudes
(4400–4650 m) with low precipitation, and the highest altitude (5200 m) with low tempera-
ture, the phylogenetic structure of the plant community was more aggregative. It seemed
that the grassland management exerted little impacts on all the diversity and structure
indices. Among the environmental factors, precipitation was the dominant factor affecting
these indices. Stochastic processes have driven the changes in the communities between
inside and outside the fences. In summary, the 11-year enclosure had little effect on alpine
meadow community structure at higher altitudes. However, it could restore the community
of steppe meadow at lower altitudes where the grazing pressure is high. For local grazing
management, it should be better to relieve the burden of high grazing intensity by reducing
the number of livestock below 4700 m, while keeping the current grazing intensity above
4700 m in this area.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/10.3390/d14100832/s1, Figure S1: Distribution of fenced
plots along the altitudinal gradient in Damxung County, Tibet; Figure S2: Variations in (a) growing
season mean temperature (GST) and precipitation (GSP) during 2006–2017 and (b) soil total nitrogen
(STN) and soil organic carbon (SOC) along the altitude gradient. Different letters indicate significant
differences among the seven altitudes (ANOVA and Tukey HSD test, P < 0.05). Bars indicate SE of
the mean.; Figure S3: The relative coverage of common genera along the altitude gradient.; Figure S4:
Relationships between (a) taxonomic and (b) phylogenetic Bray–Curtis similarity of communities and
the standardized Euclidean distance of environmental factors (including temperature, precipitation,
soil C:N ratio, year of enclosure and grazing management treatments). The Mantel test was used to
examine the correlations between pairwise Bray–Curtis similarity and pairwise differences in envi-
ronmental factors, indicating taxonomic and phylogenetic signal test for ecological niche differences.
The solid circles indicate significant signals (P ≤ 0.05).
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Abstract: As an important topographical factor, slope aspect has an essential influence on plant
community structure and leaf traits. Leaf nitrogen (N) and phosphorus (P) stoichiometry is an
important leaf trait indicating plant growth. However, it has rarely been studied how leaf N:P stoi-
chiometry correlates with plant community structure along the slope aspect gradient. To understand
the variation of leaf N:P stoichiometry and community structure, as well as their correlation with
each other, the species composition and leaf N and P in Tibetan meadows were investigated across
three slope aspects: the south-, west-, and north-facing slope aspects (i.e., SFS, WFS, and NFS). In
our results, leaf N:P ratio was significantly lower on the NFS than on the SFS, indicating N and P
limitation on the NFS and SFS, respectively. Richness of forb species and all species was higher on
the NFS than on the SFS and was negatively correlated with leaf N concentration, whereas graminoid
richness was not statistically different among the slope aspects and showed a negative correlation
with leaf P concentration. Thus, our results provide evidence for the functional significance of leaf
N:P stoichiometry for species composition along a natural environmental gradient. Our findings
could provide applicable guidance in the refinement of grassland management and biodiversity
conservation based on topography.

Keywords: topography; community assembly; species richness; leaf functional traits

1. Introduction

Leaf nitrogen (N) and phosphorus (P) are the two most limiting elements of terrestrial
vegetation relating to plant growth, development, and reproduction [1–3] because N is
the key component of proteins that play pivotal roles in plant photosynthesis as enzymes,
whereas P is critical to the formation of NADPH, ATP, and ribosomal RNA in the process
of protein synthesis [4,5]. Furthermore, the critical leaf N:P ratio has been widely used to
diagnose the type of nutrient limitations to plant productivity [6–8]. Leaf N and P con-
centration and allocation have been found to vary along environment gradients; although
numerous studies have focused on their latitudinal and altitudinal patterns [9–16], it has
rarely been studied how they change along the slope aspect gradient. Investigations on leaf
N:P stoichiometry across slope aspects can provide applicable guidance in the refinement
of grassland management and conservation based on topography at the local scale.

Leaf N and P availability also shows important functional significance for community
composition [6]. In particular, relationships between plant N:P ratios and species richness
are of particular interest in the context of biodiversity conservation and anthropogenic
activities. Many studies have found the N:P ratio to be correlated with the richness and
composition of species [17–19]. The coexistence of species was suggested to be possibly
facilitated by P limitation, since the competition for P with lower mobility is weaker than the
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competition for resources of high mobility in soil [17,20] and is facilitated by colimitation
because differential nutrient limitations may reduce interspecific competition [21,22] but
could also be weakened by the P limitation possibly resulting from P deficiency or nutrient
imbalance [6] or the disproportionate increase in dominant clonal graminoids [23]. Hence,
different correlations of species richness with plant N and P stoichiometry have been
reported [17,18,24–26]. Moreover, a high leaf N:P ratio was expected to be associated
with more graminoids and fewer forbs in vegetation [23]. However, most of these studies
were indirectly demonstrated in experiments with nitrogen fertilization or deposition, and
direct evidence is rare along natural environmental gradients. The slope aspect gradient
significantly contributed to the heterogeneity of vegetation in mountain areas and thus
provided an ideal platform to explore the relationships between leaf N/P stoichiometry
and community structure.

Typically, south-facing slopes in the northern hemisphere (i.e., equator-facing slopes)
are hot and dry, as the equator-facing orientation is associated with the strongest solar
irradiation, whereas north-facing slopes (i.e., polar-facing slopes) are wet and cold, resulting
from the lowest solar irradiations; western- or eastern-facing slopes are intermediate in
terms of these aspects. Slope aspect substantially contributes to the heterogeneity of
vegetation [27–32], possibly owing to the substantial microenvironmental changes, such as
solar irradiance, soil moisture and temperature, and soil nutrients [33–36]. However, it is
still not clear how vegetation heterogeneity, including species richness and composition,
is associated with leaf N:P stoichiometry. Therefore, in the current study, based on a
slope aspect gradient in the Tibetan meadow, we mainly aimed to explore the following
questions: (1) How do leaf [N] and [P] and the N:P ratio vary in different slope aspects?
(2) How do species richness and composition change with slope aspect? (3) How does
leaf N:P stoichiometry correlate with species richness and composition along the slope
aspect gradient?

2. Materials and Methods

2.1. Study Sites

Our study was conducted in an alpine meadow in the eastern part of the Tibetan
Plateau in China. The Research Station of Alpine Meadow and Wetland Ecosystems of
Lanzhou University has locations at two elevations: 2960 m and 3650 m (Figure 1A). Data
were collected at these two sites: Hezuo (34◦44′ N,102◦53′ E) and Maqu (33◦39′ N,101◦53′ E),
with the vegetation landscape shown in Figure 1B. We also recorded the precipitation and
temperature of these two sites during the period of 1981–2017 according to geographical
coordinates using the climate dataset provided by National Tibetan Plateau Data Center
(http://data.tpdc.ac.cn (accessed on 10 May 2021)). The mean annual precipitation in
Hezuo and Maqu was 570 mm and 690 mm, and the mean annual temperature was around
4 ◦C and 2 ◦C, respectively. The monthly mean precipitation and monthly mean, maximum,
and minimum temperatures are shown in Figure 1C. Details about the study site can also
be found in our previous publications [36,37].

2.2. Leaf N and P Concentration Measurements

In August of 2008, during the peak growing season, a 5 m × 5 m plot was established
on each of the south-, west-, and north-facing slopes (i.e., SFS, WFS, and NFS) based on the
shape of the hill and the ability to collect leaf samples at each site. At each plot, mature and
healthy leaf samples were collected from 3–5 individuals of the dominant species. Across
the six plots, 80 observations were collected in total, with 41 observations of 25 species in
Hezuo and 39 observations of 20 species in Maqu. The measured species in each site, with
their average leaf N and P content per unit of mass (hereafter leaf [N] and [P]), are shown
in Table 1. All the species were simply classified into three plant functional groups (PFGs):
graminoids (Poaceae and Cyperaceae), non-legume forbs (forbs), and legumes. However,
in two plots, dwarf shrub was also found on the NFS.
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Figure 1. Site location in the Tibetan Plateau (Panel A), the vegetation landscape (Panel B), and key
climate factors (Panel C) of the two study sites (Hezuo and Maqu). Tmean, Tmax, and Tmin represent
the monthly mean, maximum, and minimum temperature, respectively.

After drying for 48 h at 70 ◦C, we ground the dry leaves to powder using a mortar. A
total of 0.2 g of leaf powder was digested with H2SO4-H2O2. Digested solution was used
to determine leaf [N] with a VAPODEST 40 programmable distillation system (Gerhardt,
Germany), and leaf [P] by the vanadium-ammonium molybdate colorimetric method [38].

2.3. Species Composition Measurement

In each plot, we placed three 50 cm × 50 cm quadrates as replicates to survey the species
by recording their names, coverage (%), and richness (i.e., the number of species) and then
classified all the species into the four plant functional groups: graminoids, forbs, legumes,
and shrubs (if any). The coverage was estimated visually, but significantly positive correlation
of coverage and species richness confirmed the data reliability (R2 = 0.418, p < 0.001).

2.4. Data Analysis

Firstly, the effects of slope aspect on leaf [N], [P], and N:P ratio were detected using a
linear mixed model by treating “site” as the random factor (LMM) for the mixed samples,
with species-level value as a replicate unit and one common species, Anaphalis lacteal, that
occurred in each of the six plots. Correlations among leaf [N], [P], and N:P ratio were
evaluated in each site using linear models. Comparison of the leaf N:P stoichiometry
between different PFGs was also conducted using the LMM. Secondly, the effects of slope
aspect on species richness and coverage and their correlations with leaf N:P stoichiometry
(using plot-level means) were analyzed using LMM.
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All the variables were log10-transformed. All analyses were performed with R version
4.0.3 (R Core Team, 2020) in RStudio version 1.3.1093 (RStudio Team, 2020).

Table 1. Mean value of leaf nitrogen (N) and phosphorus (P) concentrations of the 40 measured
species. PFG represents plant functional group.

SPECIES FAMILY PFGs Hezuo Maqu

N (mg g−1) P (mg g−1) N (mg g−1) P (mg g−1)

Allium beesianum Amaryllidaceae Forbs 16.69 1.43
Allium condensatum Amaryllidaceae Forbs 16.28 1.14
Anaphalis hancockii Asteraceae Forbs 17.86 1.28

Anaphalis lactea Asteraceae Forbs 26.02 1.66 10.45 0.78
Anemone trullifolia var. linearis Ranunculaceae Forbs 13.16 1.04

Aster tataricus Asteraceae Forbs 11.02 0.78
Astragalus membranaceus

var.membranaceus Fabaceae Legumes 24.52 1.73 29.29 1.83

Bupleurum sp Apiaceae Forbs 14.01 1.05
Cyperaceae sp Cyperaceae Graminoids 17.30 1.24
Daucus carota Apiaceae Forbs 7.80 0.99

Elephantopus scaber Asteraceae Forbs 20.89 1.60
Fragaria ananassa Rosaceae Forbs 13.33 1.65

Gentiana macrophylla Gentianaceae Forbs 22.42 1.25
Gentianopsis barbata Gentianaceae Forbs 14.10 1.25

Gueldenstaedtia verna Fabaceae Legumes 26.17 1.27 21.44 1.21
Hamamelis mollis Hamamelidaceae Shrubs 17.83 1.29
Kobresia humilis Cyperaceae Graminoids 14.61 1.01
Lancea tibetica Mazaceae Forbs 19.10 1.53

Leontopodium leontopodioides Asteraceae Forbs 13.61 0.93
Ligularia virgaurea Asteraceae Forbs 11.69 1.10

Medicago falcata Fabaceae Legumes 4.36 1.05
Medicago lupulina Fabaceae Legumes 32.35 1.90

Nardostachys jatamansi Caprifoliaceae Forbs 14.26 1.07
Nardostachys jatamansi Caprifoliaceae Forbs 8.15 0.88

Nepeta cataria Lamiaceae Forbs 25.12 1.65
Oxytropis sp Fabaceae Legumes 36.79 2.00

Pedicularis szetschuanica Orobanchaceae Forbs 13.38 1.94
Plantago asiatica Plantaginaceae Forbs 16.07 1.56

Polygonum macrophyllum Polygonaceae Forbs 9.63 1.01
Polygonum viviparum Polygonaceae Forbs 25.53 1.59 15.41 1.83

Potentilla anserina Rosaceae Forbs 13.79 1.57
Potentilla bifurca Rosaceae Forbs 17.76 1.25

Potentilla fragarioides Rosaceae Forbs 12.92 1.03
Roegneria kamoji Poaceae Graminoids 18.00 1.41

Saussurea graminea Asteraceae Forbs 9.40 0.54
Saussurea graminifolia Asteraceae Forbs 15.92 1.39

Saussurea sp Asteraceae Forbs 18.62 1.20 8.77 0.84
Scirpus triqueter Cyperaceae Graminoids 17.55 0.89

Stellera chamaejasme Thymelaeaceae Forbs 36.87 2.31
Taraxacum sp Asteraceae Forbs 33.27 1.85

3. Results

3.1. Variations in Leaf [N], [P], and N:P Ratio across the Slope Aspects

The leaf [N], [P], and N:P ratios ranged from 10.09 to 42.96, 0.89 to 3.10, and 8.10 to
23.63 mg g−1 in Hezuo and from 4.36 to 33.53, 0.536 to 2.33, and 4.14 to 21.21 mg g−1 in
Maqu, respectively. Overall, the leaf [N], [P], and N:P ratios were all significantly lower in
Maqu, with higher elevations than in Hezuo (Figure 2A,C,E).
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Figure 2. Comparisons of leaf [N] (A,B), [P] (C,D), and N:P ratio (E,F) between sites and among slope
aspects. SFS, WFS, and NFS represent south-, west-, and north-facing slope aspects, respectively.
Different letters represent significant differences at the level of p < 0.05. Variables are in log10 scale.

Although leaf [N] and [P] were not significantly different between slope aspects,
leaf N:P ratio was significantly lower on the NFS than on the SFS for the mixed samples
(Figure 2). The one common species, Anaphalis lacteal, showed the same patterns as those
of the mixed samples (Figure S1). Moreover, significant correlations between leaf [N] and
[P] and between the leaf N:P ratio and leaf [N] rather than [P] were found in each plot
(Figure 3). In addition, legumes showed a significantly higher leaf [N] and [P] than forbs
and graminoids and a higher leaf N:P ratio than forbs (Figure S2).

3.2. Correlations of Leaf Traits with Species Richness and Coverage

Significantly higher richness of all species and forbs and lower richness of legumes
were found on the NFS than on the SFS and WFS (Figure 4A–D); however, the richness of
graminoids and plant coverage for each PFG and for all species did not differ significantly
among the slope aspects (Figure 4E–H).
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Figure 3. Linear regressions between leaf [N] and [P], between leaf [N] and leaf N:P ratio, and
between leaf [P] and leaf N:P ratio in Hezuo (A–C) and Maqu (D–F). Solid and dashed lines indicate
significant and non-significant regressions, respectively. SFS, WFS, and NFS represent south-, west-,
and north-facing slope aspects, respectively. Variables are in log10 scale.

Figure 4. Comparisons of species richness (A–D) and coverage (E–H) for each plant functional group
and the whole community among slope aspects. SFS, WFS, and NFS represent south-, west-, and
north-facing slope aspects, respectively. Variables are log10-transformed.
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Figure 5. Correlations of species richness of each plant functional group and the whole community
with leaf N concentration (A–D), with leaf P concentration (E–H), and with leaf N:P ratio (I–L).
Variables are log10-transformed.

The correlations were found to be significantly negative between leaf [N] and richness
of all species (R2 = 0.615, p = 0.047) and forb species (R2 = 0.570, p = 0.061), between
leaf [P] and graminoid richness (R2 = 0.362, p = 0.093), and between leaf N:P ratios and
forb richness (R2 = 0.675, p = 0.032) (Figure 5). On the other hand, legume coverage was
positively correlated with leaf [N] (R2 = 0.809, p = 0.010), and the coverage of graminoids
and all species was negatively and positively correlated with leaf [P] and with marginal
significance and significance, respectively (R2 = 0.051 and 0.704, p = 0.103 and 0.029,
respectively) (Figure 6).

77



Diversity 2022, 14, 245

Figure 6. Correlations of species coverage of each plant functional group and the whole community
with leaf N concentration (A–D), with leaf P concentration (E–H), and with leaf N:P ratio (I–L).
Variables are log10-transformed.

4. Discussion

4.1. Variations in Leaf [N], [P], and N:P Ratio across Different Slope Aspects

Although leaf [N] and [P] did not differ significantly between slope aspects, we found
a significantly lower N:P ratio on the NFS, with a mean of 11, and a higher N:P ratio
on the SFS, with a mean of 16, which was consistent with a previous study reporting
that the lowest N:P ratio occurred on the NFS out of the four slope aspects [39]. Tessier
and Raynal [8] pointed out that plants were subject to N-, P-, and co-limitation when
the plant N:P ratio was less than 14, higher than 16, and between 14 and 16, respectively.
Therefore, our results indicate that plants on the NFS suffered N limitation. The tight
correlation of leaf [N] with N:P ratio suggests that leaf N:P is determined by leaf [N] along
the slope aspect gradient. A lower soil N availability reported in our previous studies [36]
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was probably the reason for the lower leaf N:P ratio on the NFS, which supports the
biogeochemical hypothesis suggesting that plant N and P are influenced by the availability
of soil nutrients [9]. The lower soil N on the NFS was perhaps due to lower temperatures
reducing the decomposition and mineralization of organic material.

In addition, the leaf [N], [P], and N:P ratio were lower in Maqu, which has a higher ele-
vation, which is consistent with previous studies of elevational gradients [14,40], indicating
an increase in N-limitation along altitudinal gradients.

4.2. Correlations of Leaf N:P Stoichiometry with Species Richness and Coverage across the Slope Aspects

Significantly higher species richness in each quadrate was found on the NFS than
on the SFS, which was mainly caused by the variation in forb richness. These results are
consistent with previous studies in which species richness was significantly lower on the
SFS [31,41], with the possible mechanism of lower soil water content as the limiting factor.

Community species richness was negatively correlated with leaf [N], which is con-
sistent with the negative effects of N-fertilization on species diversity [42–45]. Many N-
fertilization experiments showed considerable species loss, with the underlying improved
growth of dominating clonal graminoids excluding forbs through competition [45,46]. The
possible mechanisms may be that N-fertilization led to a tendency of P limitation, but
graminids are often considered stress-tolerant species due to their low requirement for P
and K [47]. Therefore, we found negative correlations of leaf [P] with graminoid richness
and coverage because higher leaf [P] indicated the rapid growth of P-sensitive species. The
significant negative correlations between leaf N:P ratio and forb richness provide direct
evidence that on the natural environmental gradient, a higher N:P ratio is associated with
fewer forbs and more graminoids, as hypothesized by Güsewell [6].

In addition, the higher legume richness on the SFS and the positive correlation of
legume coverage with leaf [N] were consistent with the higher N:P ratio on the SFS due to
their N-fixing functions.

5. Conclusions

In this study, we linked species composition and leaf N:P stoichiometry along a slope
aspect gradient. Our results reveal different types of nutrition limitation and species com-
positions in different slope aspects and highlight the functional significance of leaf N:P
stoichiometry in community composition along a slope aspect gradient. We found that leaf
N:P ratio was significantly lower on the NFS than on the SFS and WFS, although leaf [N]
and [P] were not statistically different between slope aspects, implying N limitation and P
limitation of plant growth on the NFS and SFS, respectively. Higher richness and coverage
of forbs were found on the NFS than on the SFS, whereas those that of graminoids did not
differ significantly between slope aspects. The variations in forb and graminoid richness
were largely explained by leaf [N] and [P], respectively, with the possible mechanism
of different N or P requirements for different PFGs. However, the mechanisms under-
lying the variations in leaf N:P stoichiometry and community composition across slope
aspects are still not clear because we did not explore their correlations with environmental
or soil factors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/10.3390/d14040245/s1, Figure S1: Comparisons of leaf [N] (A,B), [P] (C,D), and N:P ratio
(E,F) between sites and among slope aspects, respectively, for the species Anaphalis lacteal, Figure
S2: Comparisons of leaf [N] (Panel A), [P] (Panel B), and N:P ratio (Panel C) between different plant
functional groups (PFGs).
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Abstract: As the oldest species of Betulaceae, Nepalese alder (Alnus nepalensis) shows a high capacity
for nitrogen fixation, rapid growth rate, and strong adaptability to stress environments, and it plays
an important role in maintaining the structure and function of forest and agroforestry ecosystems.
We explored its geographic distribution and the corresponding environmental drivers through
collecting specimen records and published literature for Nepalese alder over the world during the
past 40 years. The research trends, the growth limiting factors, the physiological characteristics,
and ecological functions were all summarized as well. In terms of geographical distribution and
limiting factors, Nepalese alder is mainly distributed in southern mountainous areas of the Himalayas
and southwest China. Since it presented a clear northern limit of distribution and an upper limit
of elevation, temperature is assumed to be the main environmental limiting factor. According to
historical development, the research history of Nepalese alder could be divided into three main
periods: the initial development (before 2001), the fast development (2002–2015), and the high-quality
development (2016–2022), with the two key points in 2002 and 2015 relating to the conversion of
cropland to a forest project that the government conducted and the application from theory to
practice, respectively. As can be seen from the ecological functions, Nepalese alder could form
symbiotic nodules with Frankia, which plays an important role in improving soil physical and
chemical properties and facilitating vegetation secondary succession. Overall, the present review
provides a reference for further studies on ecological adaptability and sustainable utilization of
Nepalese alder under climate change, and also for regional ecosystem service, forestry production
practice, and vegetation restoration.

Keywords: biological nitrogen fixation; bibliometrics; climate change; Frankia; vegetation restoration

1. Introduction

Nepalese alder (Alnus nepalensis), a plant of the alder genus Alnus in the family
of Betulaceae, is described in the Flora of China as growing in river beach wetlands
or gully terrace forests (Figure 1) at a wide range of altitudes between about 700 and
3600 m. It grows fast in warm and humid environments, with a height exceeding 13 m over
5 years [1], and it has a strong carbon sequestration capacity [2]. This species is resistant
to barrenness, and is often used for riverside berms and barren mountain beautification.
Thus, it has been selected as an ideal tree species for ecological shelter forest and mixed
afforestation [3,4]. At the same time, as a high-quality papermaking raw material, the
Nepalese alder is an important tree species used to create short-cycle industrial wood raw
material forests. Therefore, this species is listed in China’s “Forest Resources Development
and Protection Project” (FRDPP), and it is the main broad-leaved tree species for the
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construction of papermaking industries [5]. The characteristics of Nepalese alder as a
pioneering species, its rapid growth, and its high-quality fuel carbon are inseparable
from its nitrogen fixation performance by the symbiotic nodules where the Frankia is
attached [6]. This nitrogen fixation performance increases soil organic matter and nitrogen
and phosphorus nutrient content [7,8], promotes soil microbial reproduction, and increases
soil enzyme activity [9]. To some extent, the improvement of soil properties also promotes
the growth and development of other plants within the same area, so Nepalese alder is often
introduced into agroforestry to enhance the biological production of target species. In the
eastern Himalayas, agroforestry ecosystems dominated by cardamom (Amomum subulatum)
and Nepalese alder are specially created [10], and Sharma et al. (2002b) found that the
energy conversion efficiency and net energy increase of alder–cardamom were significantly
higher than those of an ordinary cardamom system, and the production potential of the
ecosystem was also optimized [11]. In addition, studies have pointed out that the new
branches and leaves of Nepalese alder reflected high moisture content and are not prone to
canopy fires. Therefore, it can be cultivated in large quantities as a biological fireproof tree
species [12]. In all, the Nepalese alder plays an important role in maintaining the stability
of forest ecosystems, agroforestry ecosystems, and the sustainable development of forestry.

Figure 1. Community structure and organ characters of Nepalese alder (Motuo, Tibet).

According to the Flora of China, the distribution of Nepalese alder spans a large
altitudinal gradient near 3000 m, which indicates that this species is well-adapted to
different environments. In addition, the clear altitude limit (especially the upper limit)
indicates that there is an obvious hydrothermal constraint. However, at present, research
on the correlation between alder and environmental factors mainly focused on the effects
of nitrogen- and phosphorus-addition treatments on the growth of alder seedlings in
Nepal [13,14], whereas research concentrating on the relationships between alder and
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hydrothermal factors such as temperature and precipitation is still lacking on a large
scale [15]. In addition, Frankia attached to the roots of Nepalese alder are closely related to
the nitrogen fixation ability of the tree itself, and as an actinomycete in microorganisms,
its activity is also affected by environmental factors [16]. Thus, the response of Frankia to
environmental factors will also affect the growth of Nepalese alder. Accordingly, this paper
first discusses the global geographical distribution and limiting factors of Nepalese alder
by querying and collecting the relevant literature of Nepalese alder from both domestic
and foreign specimen databases, and then it analyzes the relevant research hotspots and
development trends based on Citespace software and literature synthesis, respectively. We
further reviewed the main physio-ecological characteristics and ecological functions of
Nepalese alder, which might provide a reference for in-depth exploration of the ecological
adaptability and sustainable use of alder under the background of climate change. At the
same time, this paper may offer a theoretical reference for regional forestry production
practice and vegetation restoration.

2. Data and Methods

2.1. Literature Collection

In the core database of the Web of Science (WOS) Science Citation Index (SCIE), a
search for literature between 1981 and 2022 with a subject term of “Alnus nepalensis*”
yielded a total of 140 records. In the China National Knowledge Infrastructure (CNKI)
database, with the subject terms “Nepalese alder”, “Handonggua”, or “Mengzi alder”, we
found a total of 366 records. After manually removing impurities from the search data such
as patents, reports, notices, and other documents, as well as some of the “Handonggua”
literature which documented other alder species rather than Alnus nepalensis, 128 English
papers and 334 Chinese documents were finally obtained.

2.2. Geographic Data Analysis

Based on the geographic information (longitude and latitude) of study sites in the exist-
ing literature described above (66 sites, the detailed geographic information is not available
in all the papers), as well as that of Nepalese alder specimens from the Global Biodiversity
Information Facility (GBIF, https://www.gbif.org, 184 sites, accessed on 30 September 2022)
and the iPlant (http://www.iplant.cn, 71 sites, accessed on 30 October 2022), we analyzed
the geographical distribution pattern about this species by using ArcGIS 10.7 for Desktop.
The Shuttle Radar Topographic Mission Digital Elevation Model (SRTM DEM), the most
comprehensive high-resolution digital topographic database, was applied to obtain the
elevation for the above 321 sites. The SRTM DEM data with a spatial resolution of 90 m
were obtained from the USGS (https://earthexplorer.usgs.gov/, accessed on 10 October
2022). Slope aspect of the study site was obtained by using visual interpretation of high-
resolution remote sensing imagery (World Imagery, https://www.arcgis.com/, accessed
on 2 November 2022).

2.3. Bibliometrics Analysis

With the help of CiteSpace visualization software (version number: 6.1.R3), keyword
clustering analysis was carried out for the English and Chinese literature, respectively.
The keyword clustering map of Nepalese alder researches were obtained, and the relevant
research hotspots were revealed according to the analysis. Since the literature related to
the Nepalese alder was mainly in Chinese (accounting for about 72%), we summarized
the development processes about A. nepalensis researches based on the published papers
in Chinese.

3. Geographic Distribution of Nepalese Alder and Corresponding Limiting Factors

As shown in Figure 2, the Nepalese alder is widely distributed, with a latitude ranging
between 38◦47′ S and 34◦26′ N, and a longitude from 156◦55′ W to 177◦43′ E. It is mainly
concentrated in the southern foothills of the Himalayas and the southwestern part of China
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(especially Yunnan province) with a middle and low latitude of 20◦01′–30◦32′ N, and a
longitude of 79◦06′–104◦20′ E. Additionally, a few of the records were found in North
America, Oceania, and Ecuador in South America. Perhaps due to the synthetic influence
of climatic, geological, and topographical factors, such as the southwest monsoon, the east
Asia monsoon, and the uplift of the Himalayas, coupled with the shade-intolerant and
adaptive characteristics of Nepalese alder, the Himalayas, Hengduan Mountain, and their
southern mountains have become the main distribution area of Nepalese alder. Compared
with other alder species of the congener (A. formosana, A. trabeculosa), Nepalese alder
has a wider range at similar latitudes and a larger altitude span (more than 3000 m); for
example, A. formosana is only distributed at altitudes of no more than 2500 m [17], whereas
A. trabeculosa is only distributed between 200 and 1000 m [18]. Therefore, Nepalese alder is
more adaptable to complex and varied habitats.

Figure 2. Geographic distribution of Nepalese alder based on information from specimen and literature.

From the respect of its northern boundary, the westernmost is in the district of Korlu in
Himachal Pradesh in northeastern India, with a latitude of 32◦60′ N. The northern boundary
of the central region is mainly located in the Dongjiu area of Bayi District, Nyingchi City,
with a latitude of 30◦00′ N, whereas those of the eastern region were in Shimian County
of Ya’an City, Sichuan Province and Wuchuan Gelao and Miao Autonomous County
of Zunyi City, Guizhou Province, with latitudes of 28◦56′ N and 28◦55′ N, respectively.
The meteorological data of the above four sites of northern limits were obtained from
the WorldClim website (https://worldclim.org/, accessed on 11 October 2022). After
justification according to the differences between gridded and exact altitudes, the annual
mean temperatures were calculated as 15.4 ◦C, 9.6 ◦C, 10.8 ◦C, and 14.7 ◦C, respectively.
Therefore, it seemed that the annual mean temperature of about 10 ◦C might be the thermal
factor shaping its geographic distribution, which is consistent with Yang et al. who reported
a low temperature limit of about 10 ◦C for Nepalese alder [4].

In terms of altitudinal distribution, nearly three-quarters of the research sites and
specimen collection sites of Nepalese alder were concentrated between 1000 and 2500 m
(Figure 3a), and only 12.79% of the sites sat below 1000 m, and a very small number
(less than 1.3%) were distributed in alpine regions above 3500 m (mainly on Hengduan
Mountain). The highest altitude record, 3860 m, happened in the northwest of Huili County
in southern Sichuan Province, at a latitude of 26◦39′ N. In addition, several sites with an
altitude of more than 3600 m are distributed in Weixi Lisu Autonomous County, Yunnan,
with a latitude of about 27◦12′ N. Accordingly, it can be seen that the Nepalese alder is
mainly distributed in typical mountainous terrain environments, and it is rarely distributed
in low mountain plains and alpine areas above 3500 m.
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Figure 3. (a) Altitude and (b) slope aspect distribution patterns of Nepalese alder.

Slope aspect may also exert impacts on the distribution of Nepalese alder. Nearly
60% of the sites were distributed in south-facing slopes (Figure 3b), and only 37% of the
samples were distributed in north-facing slopes, indicating that the Nepalese alder prefers
sunny slope habitats, consistent with its sunward and light-loving characteristics [4]. This
is also associated with its distribution in the southern foothills of the Himalayas and the
mountainous areas of southwest China, both of which showed the same topographic
characteristic of high in the north and low in the south.

4. Development History of Nepalese Alder

The whole development history can be roughly summarized into three periods: the
initial development (before 2001), the fast development (2002–2015), and the high-quality
development (2016–2022) (Figure 4). Among them, the number of papers published in
the early period was small, with a total of only 30 papers, and the research topics mainly
focused on the growth habit and forest community structure of Nepalese alder (Figure 5a).
For example, the Yunnan Institute of Forestry [19] reported its growth characteristics and
corresponding habit, which is a relatively systematic study of Nepalese alder in China in
this stage. Guo et al. (1999) found that the alder tree layer exerted a significant effect on
precipitation interception in the central Yunnan plateau [20]. In 2002, research development
entered into an accelerated period, during which the number of publications increased
significantly and reached a peak in 2015 (39 articles), which was about 10 times that of
2005 (the least number of articles published in this period). This might be related to the
national policy to fully launch the project of returning farmland to forest in 2002, as well
as the implementation of related projects which greatly promoted the research on the
fast-growing alder tree species. The focus at this stage gradually shifted to vegetation
restoration and seedling growth (Figure 5b). For example, Yang et al. (2004) found that
the community coverage and species composition were relatively stable in phosphate
mining areas [21], so it had important application value in the restoration of natural
vegetation in phosphate mining wasteland. Zhou et al. (2012) found that the presence of
this species significantly increased the available nitrogen and potassium content in the
soil, promoted the formation of soil agglomerate structure, and effectively accelerated the
restoration process of vegetation in phosphate collection areas [22]. After 2015, the number
of publications showed a downward trend, which might be related to the fact that the
research has focused more on practical applications. This stage focused on soil nutrients
and vegetation restoration, and related research gradually shifted to practical applications
(Figure 5c); for example, the Yuanyang Rice Terraces had become a research hotspot [23,24].
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Figure 4. Changes in the number of publications of Nepalese alder since 1981.

Figure 5. Keywords network map for Nepalese alder in different development stages. (a) Initial
development, (b) fast development, (c) high-quality development.
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5. Growth Limiting Factors and Sustainable Utilization of Nepalese Alder

5.1. Growth Limiting Factors of Nepalese Alder

The evident northern boundary and upper limit of Nepalese alder suggested that the
thermal condition should be the dominant limiting factor. Noshiro et al. studied the effects
of tree height, diameter at breast height, and altitude on the anatomical characteristics of
Nepalese alder wood in the eastern Himalayas and found that the pore diameter, vessel
length, and fiber pipe length of wood were negatively correlated with altitude, indicating
that temperature was the main factor affecting its anatomical structure [25]. However, fur-
ther research by Noshiro et al. suggested that at altitudes above 1800 m, the vessel and fiber
lengths of Nepalese alder exhibited a decreasing trend with altitude that may be related to
moisture constraints [15]. Quantifying the relative contributions of different hydrothermal
factors to its growth and distribution will help to understand the biogeographic distribution
pattern of this species; moreover, the selection of suitable ecological sources for plantation
can provide important genetic resources reserved for mountain vegetation restoration.

In addition to hydrothermal factors, nitrogen and phosphorus are also important
factors affecting the growth of Nepalese alder. Simulated nitrogen deposition experiments
showed that the nitrogen addition at lower levels significantly promoted the growth of
alder seedlings, whereas that at higher levels inhibited seedling biomass and reduced
the investment to allocation of photosynthetic organs [13]. Phosphorus deficiency also
decreased chlorophyll content in Nepalese alder seedlings [14]. In addition, environmental
factors could indirectly influence the growth of Nepalese alder by affecting the activity
or diversity of Frankia. For example, Jha et al. found that phosphate fertilizer treatment
reduced mycorrhizal infection in alder seedlings, but it significantly stimulated the nodula-
tion of alder seedlings [26]. It can be seen that phosphorus plays a very important role in the
growth of Nepalese alder itself and Frankia, especially in humid tropical and subtropical
areas where forest growth is largely affected by phosphorus restriction [27]. In all, the
influence of climate, soil, and other factors on the growth and distribution of Nepalese
alder should be comprehensively considered in the future.

5.2. Physio–Ecological Characteristics and Ecological Functions of Nepalese Alder

As a pioneer species, Nepalese alder often occupies barren hillsides due to their strong
adaptability, rapid growth, and strong tolerance to barren soil, and the nitrogen fixation
effect of the symbiotic root with Frankia improves soil chemical status to a certain extent.
Therefore, by improving the growth environment, Nepalese alder further promotes the
growth and development of other plants. At present, most scholars have discussed the
physiological and ecological characteristics of Nepalese alder (Figure 6). For example, some
studies have explored the growth characteristics of the Nepalese alder and cardamom
agroforestry system [11], and the productivity of mixed Nepalese alder and tea plants in
gardens [9]. In addition, studies have also found that chemicals in Nepalese alder might
affect the growth and development of other plants through allelopathy [28]. The study of
Frankia has been a major focus of alder-related research (Figure 6). At this stage, most re-
search has focused on genetic diversity. Studies have shown that Frankia are rich in genetic
diversity, which is influenced by various factors such as climate, topography, and altitude.
Through the study of the diversity of Frankia, it not only helps people to understand the
origin and evolution process of Frankia, so as to build an efficient symbiotic system with
strong nitrogen fixation ability and stress resistance, but also provides a scientific basis for
revealing the mechanisms of the nitrogen fixation and soil improvement [29].

5.2.1. Soil Improvement

The roots of Nepalese alder attached with Frankia generally form symbiosis nodulation
with nitrogen fixation functions [6], thereby changing the soil physicochemical properties
and increasing the soil organic matter and nitrogen and phosphorus content (Figure 6).
Mishra et al. (2018) analyzed the soil fertility in different forests in the eastern Himalayas,
and found that the soil organic matter content of Nepalese alder forests was significantly
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higher than that of other forest types, and the presence of Nepalese alder accelerated soil
nutrient cycling [8]. Other studies also found that the soil total nitrogen and phosphorus,
alkali-hydrolyzed nitrogen, available phosphorus, and soil microbial biomass in Nepalese
alder forests were significantly higher than in other vegetation types (e.g., forests dominated
by Pseudognaphalium affine, Cunninghamia lanceolata, Michelia oblonga, Parkia roxburghii, and
Pinus kesiya) in the Yuanyang Terraces of Yunnan Province [30] and the hilly ecosystems of
Northeast India [31]. Studies have also pointed out that Frankia in the roots of Nepalese
alder can not only improve soil physical–chemical properties and increase soil-nutrient
content, but also facilitate the reproduction of soil microorganisms and improve the activity
of soil enzymes [9]. Li et al. further found that the presence of Nepalese alder increased the
number of soil nitrogen-fixing bacteria in seven forest communities (Clerodendrum bangei,
Cunninghamia lanceolata, Camellia sinensis+Alnus nepalensis, Alnus nepalensis, Gnaphalium
affine, Choerospondias axillaris, and Neolitzea chui+Schima superba) in Yuanyang Terrace [32].
Among six different vegetation types in Yuanyang terraces, it was also found that Nepalese
alder significantly increased the activity of soil proteases [30].

 

Figure 6. A framework for physio-ecological characteristics and ecological functions of Nepalese alder.

5.2.2. Effect of Nepalese Alder on Other Plants

The presence of Nepalese alder can improve soil physical and chemical properties,
which in turn promotes the growth of surrounding plants (Figure 6). For example, Mortimer
et al. transplanted Nepalese alder to tea (Camellia sinensis var. assamica) garden, and found
that the existence of Nepalese alder increased the variety and number of fungi and bacteria
in the soil, which in turn improved the productivity of tea [9]. Sharma et al. found that
Nepalese alder significantly increased the soil nitrogen content in the mixed agroforestry
system, thereby improving the productivity and energy conversion efficiency of cardamom
communities [10]. In addition, the allelopathy of Nepalese alder can also exert a positive or
negative impact on the growth of other plants to some extent. Wang et al. studied the effect
of fresh leaf aqueous extract of Nepalese alder on the growth of Yunnan pine seedlings and
found that the lower concentration of aqueous extract (<5 g/L) can promote the growth of
seedlings, enhance root vitality, and increase chlorophyll content [28]. However, a higher
concentration above 5 g/L will inhibit the growth of seedlings. Wang et al. further treated
the seeds of P. Yunnanesis with different concentrations of extracts (800, 400, 150 mg/kg)
from different organs of Nepalese alder, and found that the high concentration extracts
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significantly inhibited the germination and seedling growth of P. yunnanensis [33]. Besides,
this inhibition was weakened with the decrease of extract concentration, and eventually
turned into a promoting effect. In summary, the effect of Nepalese alder on the growth
of other plants is mainly manifested as a promoting effect, while the allelopathy on other
plants is a bit more complicated. Generally speaking, a lower concentration of aqueous
extract yields a promotion effect, and a higher one may lead to inhibition. That is, when
the allelopathic intensity of Nepalese alder itself is high, it will have a negative impact on
the growth of other plants, which may explain why Nepalese alder forms a pure forest in
the juvenile stage with few other coexisting tree species.

5.2.3. Frankia Infection

Frankia infection is the most representative physiological and ecological characteristic
of Nepalese alder, and Frankia can form nitrogen-fixing nodules in symbiosis with Nepalese
alder roots, which improves the soil conditions in the alder forest to a certain extent
(Figure 6). At present, research on Frankia with Nepalese alder has focused on its genetic
diversity, nutrient absorption, and morphological variation. Among them, the genetic
diversity of Frankia has attracted a lot of attention. Studies have shown that the genetic
diversity of Frankia nodules is influenced by a variety of factors, including topography,
climate, and altitude [29]. On one hand, Frankia is widely distributed in multiple species,
indicating that it can survive in diverse habitats [34]. On the other hand, in different
habitats, especially at high altitudes where the environment is harsh, environmental factors
such as stronger ultraviolet radiation and drought may cause genetic instability, resulting in
more replication errors and higher genetic diversity to meet survival needs [35,36]. Xiong
et al. studied the genetic diversity of Frankia in five regions of Yunnan, and found that
the distribution and genetic structure of Frankia were closely related to the environment,
and there were dominant genotypes in different regions [37]. Tang et al. used rep-PCR to
study the genetic diversity of Frankia in Nepalese alder nodules under different habitats
in Yunnan, and found the genetic diversity was positively correlated with the degree of
environmental stress [29]. Similarly, Dai et al. [34] found that the genetic diversity of the
Frankia strain in samples of Nepalese alder nodules in the Hengduan Mountains is related
to climate and glacial history. In addition to topographical and climatic factors, altitude is
also an important factor affecting the genetic diversity of Frankia, and it is assumed that
the greater the altitude gradient, the richer the genetic diversity of Frankia [38,39].

6. Perspectives

Although there exist uncertainties about the geographical origin of Alnus and the
role of climatic factors in shaping its distribution, the above statement indicates that low
temperature should be one of the key limiting factors for its distribution. Therefore, in
the context of future climate change, Nepalese alder is assumed to dominate in higher
latitudes and/or altitudes, which is consistent with the hypothesis that the distribution
range of Nepalese alder will expand significantly under the background of climate change,
as proposed by Ranjitkar et al. [40]. Based on the maximum entropy model and related
climate, soil, and topographic data, the future distribution trend of Nepalese alder under
different scenarios can be further simulated.

In addition to the influence of climatic factors, the loss of phosphorus will have an
impact on the coupling of Nepalese alder and Frankia to a certain extent [26]. However,
there are relatively few studies concentrated on the impact of multi-environmental factors
on the growth of Nepalese alder at this stage, which limits our in-depth understanding of
the change trend and distribution range of Nepalese alder in future situations. In addition,
the Himalayan mountains are very young and still in an active stage. Affected by geology,
topography, and climatic factors, as well as the uplift of the Himalayas, the mountains
are prone to geological disasters such as landslides and debris flows, which have recently
caused a series of ecological and environmental problems such as forest degradation and
species habitat destruction [41,42]. Therefore, strengthening the study of environmental
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impacts on the growth of Nepalese alder is of great necessity to make full use of Nepalese
alder which may improve soil chemical and physical status in early succession, and to
accelerate the positive evolution of ecosystem functions.

Previous studies have mentioned the effects of temperature and precipitation on the
anatomical structure (i.e., stem traits) of Nepalese alder. Whereas, there is still a lack
of research on plant functional traits, especially root and leaf traits, which limits our
understanding of the response of Nepalese alder to the changes of hydrothermal factors
from different sources. In particular, this species is mainly distributed in tropical and
subtropical regions, and the phenomenon of leaf feeding by insects is obvious, and the
analysis of leaf morphology and related traits is significant for understanding the plant–
insect interaction and its mechanism in light of climate change. This work needs to be
carried out urgently.

At this stage, most of the research on Frankia focused on its genetic diversity, especially
the environmental impacts (terrain, climate, and altitude) on the genetic diversity, while
research on the growth and reproduction of Frankia itself has rarely been reported. Relevant
research is important to explore the interconnection between Frankia and Nepalese alder,
and to reveal the mechanism affecting the distribution and growth of Nepalese alder.
The relationship between Frankia and alder is the key factor in using Nepalese alder
for ecological restoration, and it has important theoretical and practical significance for
practicing General Secretary Xi Jinping’s thesis that lucid waters and lush mountains are
golden mountains, and the secret to establishing an ecological civilization highland on the
Qinghai-Tibet Plateau.
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Abstract: The Qinghai–Tibetan Plateau (QTP) with high altitude and low temperature is one of
the most sensitive areas to climate change and has recently experienced continuous warming. The
species distribution on the QTP has undergone significant changes especially an upward shift with
global warming in the past decades. In this study, two dominant trees (Picea crassifolia Kom and
Sabina przewalskii Kom) and one dominant shrub (Potentilla parvifolia Fisch) were selected and their
potential distributions using the MaxEnt model during three periods (current, the 2050s and the
2070s) were predicted. The predictions were based on four shared socio-economic pathway (SSPs)
scenarios, namely, SSP2.6, SSP4.5, SSP7.0, SSP8.5. The predicted current potential distribution of three
species was basically located in the northeastern of QTP, and the distribution of three species was
most impacted by aspect, elevation, temperature seasonality, annual precipitation, precipitation of
driest month, Subsoil CEC (clay), Subsoil bulk density and Subsoil CEC (soil). There were significant
differences in the potential distribution of three species under four climate scenarios in the 2050s
and 2070s including expanding, shifting, and shrinking. The total suitable habitat for Picea crassifolia
shrank under SSP2.6, SSP4.5, SSP7.0 and enlarged under SSP8.5 in the 2070s. On the contrary, the
total suitable habitat for Sabina przewalskii enlarged under SSP2.6, SSP4.5, SSP7.0 and shrank under
SSP8.5 in the 2070s. The total suitable habitat for Potentilla parvifolia continued to increase with SSP2.6
to SSP8.5 in the 2070s. The average elevation in potentially suitable habitat for Potentilla parvifolia
all increased except under SSP8.5 in the 2050s. Our study provides an important reference for the
conservation of Picea crassifolia, Sabina przewalskii, Potentilla parvifolia and other dominant plant species
on the QTP under future climate change.

Keywords: climate change; potential distribution; MaxEnt model; suitable habitat; average elevation

1. Introduction

Climate change is considered to be one of the most important driving factors of species
distribution [1–3] According to the report of the sixth Coupled Model Intercomparison
Project (CMIP6), the global temperature will continue to increase by the end of the 21st
century [4]. The Qinghai–Tibetan Plateau (QTP), famous as the “third pole” in the world
with high altitude and low temperature, is one of the most sensitive regions to climate
change [5]. With global warming, many species shift their suitable habitats especially
upward in altitude in order to adapt to changes in environmental conditions [6,7].

However, it remains unclear what influences climate change will have on alpine
species at large regional scales and whether alpine species respond uniformly on the QTP.
Two dominant and representative alpine trees (Picea crassifolia Kom, Sabina przewalskii
Kom) and one dominant and representative alpine shrub (Potentilla parvifolia Fisch) on

Diversity 2021, 13, 682. https://doi.org/10.3390/10.3390/d13120682 https://www.mdpi.com/journal/diversity
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the QTP were used in this study, Picea crassifolia favors shady slopes, semi-shady slopes
and humid valleys in the mountains with an altitude of 1750–3100 m (a.s.l), is endemic
to China, and is distributed in the Qilian Mountains, Qinghai, Gansu, Ningxia, Inner
Mongolia. Sabina przewalskii grows on sunny slopes of 2600–4000 m (a.s.l), is endemic
to China, and is distributed in Qinghai, Gansu Hexi Corridor, and the north of Sichuan.
Potentilla parvifolia favors dry hillside, rock crack, forest edge and forest with an altitude of
900–5000 m (a.s.l), and it is distributed in Heilongjiang, Inner Mongolia, Gansu, Qinghai,
Sichuan and Tibet in China. Species on shady slopes are more sensitive to the magnitude of
temperature fluctuations, and species on sunny slopes can tolerate larger temperature fluc-
tuations [8]. The previous study was conducted on potential distribution for Picea crassifolia,
Sabina przewalskii and Potentilla parvifolia, but they only focused on the potential distribu-
tion under different climate scenarios without considering the influence of geographical
factors [9].

Species distribution models are popular methods in modeling the potential distribu-
tions of species in response to climate change in the past few decades [10]. Many species
distribution models are used to predict potential distributions, such as maximum entropy
(MaxEnt) [11]), random forests (RFs) [12], CLIMEX, and genetic algorithm for rule set
production (GARP) [13]. Among them, MaxEnt is widely selected because it performs
excellently with a small number of sample records compared to other models [14]. This
research used MaxEnt to predict potential distribution for three species under different
shared socio-economic pathways (SSPs) scenarios.

SSPs can be selected to predict greenhouse gas emission scenarios under different
climate conditions [15]. SSPs consider the effects of land use and socio-economic with the
development of regional climate change and are different from representative concentration
pathways (RCPs) [16]. SSPs have a higher beginning point than RCP and the result of
prediction is near to the true value [17]). SSP2.6 (Low forced scenario), SSP4.5 (Medium
forced scenario), SSP7.0 (Medium-high forced scenario), SSP8.5 (High forced scenario)
were selected to predict the potential distribution of three species during the period of the
2050s and 2070s in this study.

The aims of this research are: (1) to predict the potential distribution of three species
under different climate scenarios; (2) to assess the key environment variables affecting
the distribution of three species; (3) to analyze the area and elevation changes of the
suitable habitat of three species in the future climate change. The results of this study will
provide an important reference for the conservation of Picea crassifolia, Sabina przewalskii,
Potentilla parvifolia and other dominant plant species on the QTP under climate change.

2. Materials and Methods

2.1. Study Area

The Qinghai–Tibetan Plateau (QTP), located in western China, is famous as the “Roof
of the World” with the highest and one of the most extensive plateaus on earth [18], It
lies between 26◦ N to 39◦ N and 73◦ E to 104◦ E, and covers a total area of approximately
2.5 million km2 with an average elevation above 4000 m (a.s.l). Alpine desert ecosystems,
alpine meadow, alpine grassland, shrub and forest are distributed from the southwestern
to the northeastern of QTP, which is characterized by low annual temperature differences,
high daily temperature differences, low air temperature and strong solar radiation [19]).
Climate change probably affect species on the QTP more than those in other regions with
the same latitude [20,21]).

2.2. Occurrence Data

As the accurate location information of species distribution is the basis of high preci-
sion simulation and prediction, the geographical distribution information of Picea crassifolia,
Sabina przewalskii and Potentilla parvifolia were obtained from: (1) Chinese Virtual Herbar-
ium (CVH, https://www.cvh.ac.cn/, accessed on 23 September 2021); (2) Global Bio-
diversity Information Facility (GBIF, http://www.gbif.org/, accessed on 24 September
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2021); (3) Relevant literature reports (CNKI, Web of Science, https://www.cnki.net/
https://apps.webofknowledge.com/, accessed on 15 November 2021). Google Earth
(http://ditu.google.cn/, accessed on 22 November 2021) was used to proofread speci-
men distribution information and the duplicate records were removed [22]. Finally, the
172 records of Picea crassifolia distribution data, 69 records of Sabina przewalskii distribution
data and 146 records of Potentilla parvifolia distribution data were used (Figure 1). The
longitude and latitude of the distribution data and the species name were entered into
Excel and converted to csv format for modeling.

Figure 1. Locations of three species on the Qinghai–Tibetan Plateau.

2.3. Environment Variables
2.3.1. Climate Data

The data used for climate assessment were downloaded from the WorldClim global
climate database [23] (http://www.worldclim.org, accessed on 15 November 2021).

Current climate data included 19 Bioclimatic variables with 30” spatial resolution
during 1970–2000 [24], which reflect temperature and precipitation.

Future Bioclimatic data were obtained from BCC_CSM1.1 (Beijing Climate Center,
China Meteorological Administration, Beijing, China) global circulation model) [8]), which
is available for predicting the global climate response to increasing greenhouse gas con-
centration [22]). Bioclimatic data (at 2.5′ spatial resolution) for four scenarios of Shared
Socioeconomic Pathways (SSPs) provided by the sixth Coupled Model Intercomparison
Project (CMIP6) were used for modeling [25]). Each SSP includes scenarios of SSP2.6,
SSP4.5, SSP7.0, SSP8.5, and analyses the spatial and temporal changes of the annual tem-
perature and precipitation during 2021–2100 [26]). The future climate variables were
resampled to the same spatial resolution with current data using ArcGIS 10.7 [27]).

2.3.2. Topographic Data

The DEM data with a cell size of 90 m × 90 m were downloaded from the WIST
geodatabase of NASA (http://srtm.csi.cgiar.org/, accessed on 15 November 2021). The
variables of slope, aspect and elevation were derived from DEM using ArcGIS 10.7.
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2.3.3. Soil Property Data

Soil data used in this study were collected from Harmonized World Soil Database
(HWSD, http://www.fao.org/soils-portal, accessed on 15 November 2021).

2.3.4. Processing and Selection of Environment Variables

All environment variables were resampled to 30” spatial resolution and were pro-
cessed to the same geographic bounds. In the modeling process, high correlation variables
and environment variables that contribute less to the model were removed to improve
the accuracy of the model [28,29]. The correlation coefficient was calculated to account for
the influence of collinearity on the model accuracy. The variables with r below 0.8 were
selected [30]. The 16 variables with low correlation coefficients and high contribution rates
were selected for distribution modeling (Table 1).

Table 1. The selection of environmental variables used in this study.

Data Source Symbol Variables Unit Important Variables for Modelling

WorldClim Bio1 Annual mean temperature ◦C

Bio2 Mean diurnal range ◦C

Bio3 Isothermality (BIO2/BIO7)
(×100) %

Bio4 Temperature seasonality
(standard deviation ×100)

◦C
√

Bio5 Max temperature of
warmest month

◦C

Bio6 Min temperature of
coldest month

◦C

Bio7 Temperature annual range
(BIO5-BIO6)

◦C
√

Bio8 Mean temperature of
wettest quarter

◦C

Bio9 Mean temperature of
driest quarter

◦C

Bio10 Mean temperature of
warmest quarter

◦C

Bio11 Mean temperature of
coldest quarter

◦C

Bio12 Annual precipitation mm
√

Bio13 Precipitation of wettest month mm

Bio14 Precipitation of driest month mm
√

Bio15 Precipitation seasonality
(coefficient of variation) 1

√

Bio16 Precipitation of wettest quarter mm

Bio17 Precipitation of driest quarter mm

Bio18 Precipitation of warmest quarter mm
√

Bio19 Precipitation of coldest quarter mm
√

DEM ASL Elevation m
√

SLOP Slope ◦ √

ASPE Aspect ◦ √
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Table 1. Cont.

Data Source Symbol Variables Unit Important Variables for Modelling

HWSD S_GRAVEL Subsoil gravel content %vol

S_SAND Subsoil sand fraction %wt

S_SILT Subsoil silt fraction %wt

S_CLAY Subsoil clay fraction %wt
√

S_USDA_TEX_CLASS Subsoil USDA
texture classification name

S_REF_BULK_DENSITY Subsoil reference bulk density kg/dm3

S_ BULK_DENSITY Subsoil bulk density kg/dm3 √

S_OC Subsoil organic carbon % weight

S_PH_H2O Subsoil pH (H2O) −log(H+)

S_CEC_CLAY Subsoil CEC (clay) cmol/kg
√

S_CEC_SOIL Subsoil CEC (soil) cmol/kg
√

S_BS Subsoil base saturation %
√

S_TEB Subsoil TEB cmol/kg

S_CACO3 Subsoil calcium carbonate % weight

S_CASO4 Subsoil gypsum % weight
√

S_ESP Subsoil sodicity (ESP) %

S_ECE Subsoil salinity (Elco) dS/m

2.4. Distribution Modeling

MaxEnt with advantages in performance and stability was used to predict the poten-
tial distribution of three species (Figure 2) [11,31]. In addition, MaxEnt has the advantage
of utilizing continuous and classified data and integrating the interaction between vari-
ables [14]. MaxEnt software version 3.4.4k was used to identify the species potential habitat
distribution. The MaxEnt was set to run 500 iterations with a maximum of 10,000 back-
ground points, a convergence threshold (0.00001), a regularization multiplier of 1, a logistic
output grid format, and the algorithm parameters set to “auto feature”. The other parame-
ter values were kept in the default settings [32]. A total of 70% of the distribution point
data were selected for training, and the rest were used for testing [33]. The Jackknife was
used for testing the importance of environmental variables in a model with a small amount
of the distribution point records [34].

2.4.1. Accuracy Assessment

The value of the area under the receiver operating characteristic curve (AUC) was
selected to assess model accuracy [11]). Model performance can be regarded as fail when it
is between 0.5 and 0.6, poor when it is between 0.6 and 0.7, fair when it is between 0.7 and
0.8, good when it is between 0.8 and 0.9; and excellent when it is between 0.9 and 1 [35].

2.4.2. The Area and Elevation Changes of the Habitat Suitability

SDMtoolbox of ArcGIS 10.7 was used to convert the current and future results. The asc
format files in the model result were converted to the raster format and reclassified into four
suitable habitats, and we calculated the area and average altitude of potential distribution
by zonal statistic tool [36]. The area and average altitude changes in the suitable habitat
for species distribution were used as an indicator to evaluate the impact of climate change
on the distribution of species [8]. The intersection distributions of the three species were
obtained through the raster calculator and extracted by attributes tools.
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Figure 2. Flow diagram of methodology adopted.

3. Results

3.1. Model Assessment and Key Environmental Variables

The mean AUC of three species in training and testing all exceeded 0.9 in current
and future modeling. The model for the geographic distribution prediction performed
excellently and had high accuracy.

We selected the variables whose contribution rate for three species is more than 0.1
for analysis. The internal jackknife test of the MaxEnt model for environmental variables’
importance showed that aspect was the most critical factor determining the distribution
of the three species. Aspect contributed 33.9% to model output for Picea crassifolia, 51.7%
for Sabina przewalskii and 56.1% for Potentilla parvifolia (Table 2). In addition, elevation
contributed 20.2% to model output for Picea crassifolia, 26% for Sabina przewalskii and 15.9%
for Potentilla parvifolia. The following factors were precipitation of driest month (Bio14:
23.1% for Picea crassifolia, 3.4% for Sabina przewalskii and 3.5% for Potentilla parvifolia),
annual precipitation (Bio12: 10.7% for Picea crassifolia, 4.9% for Potentilla parvifolia) and
temperature seasonality (Bio4: 6% for Picea crassifolia). The total contributions of three
subsoil variables (S_CEC_CLAY, S_BULK_DEN, S_CEC_SOIL) did not exceed 3% (Table 2).
The results indicated that subsoil conditions had very limited impacts on the potential
distribution of Picea crassifolia, Sabina przewalskii and Potentilla parvifolia. The cumulative
percentage of aspect, elevation, Bio14, Bio12, Bio4, S_CEC_CLAY, S_BULK_DEN, and
S_CEC_SOIL was 95.6% for Picea crassifolia, 82.5% for Sabina przewalskii and 83.5% for
Potentilla parvifolia, respectively.

3.2. Potential Distribution of Three Species at Current Climate Scenarios

The total suitable habitat area for Picea crassifolia was 99,203.04 km2 (account for
3.86% of QTP), and was mainly concentrated in the northeastern of QTP. The total suitable
habitat area for Potentilla parvifolia was 102,179.35 km2 (account for 3.98% of QTP) and
was mainly distributed in the southern and northeastern of QTP. While the total suitable
habitat area (21,283.4 km2) for Sabina przewalskii was much lower than Picea crassifolia and
Potentilla parvifolia (only account for 0.82% of QTP) (Table 3, Figure 3).
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Table 2. The contribution and cumulative percentage of key environmental variables.

Symbol Variables

Picea crassifolia Sabina przewalskii Potentilla parvifolia

Contribution
(%)

Cumulative
Percentage

(%)

Contribution
(%)

Cumulative
Percentage

(%)

Contribution
(%)

Cumulative
Percentage

(%)

ASPE Aspect 33.9 33.9 51.7 51.7 56.1 56.1

Bio14 Precipitation of
driest month 23.1 57.0 3.4 55.1 3.5 59.6

ASL Elevation 20.2 77.2 26.0 81.1 15.9 75.5

Bio12 Annual precipitation 10.7 87.9 0.0 81.1 4.9 80.4

Bio4 Temperature
seasonality 6.0 93.9 0.0 81.1 0.2 80.6

S_CEC_CLAY Subsoil CEC (clay) 1.2 95.1 0.4 81.5 0.5 81.1

S_BULK_DEN Subsoil bulk density 0.3 95.4 0.9 82.4 2.3 83.4

S_CEC_SOIL Subsoil CEC (soil) 0.2 95.6 0.1 82.5 0.1 83.5

Table 3. The area of suitable habitat for three species under different climate scenarios.

Suitable
Habitat

The Area of Potential Suitable Habitat for Three Species (km2)

The Area at
Current (km2)

2050s 2070s

SSP2.6 SSP4.5 SSP7.0 SSP8.5 SSP2.6 SSP4.5 SSP7.0 SSP8.5

P. crassifolia High 10,271.02 10,171.20 8483.41 10,813.65 6294.73 4882.79 9386.29 4767.55 8830.95
Moderately 33,347.47 34,940.89 42,712.89 30,644.28 4143.71 34,927.27 26,032.80 54,663.53 32,876.52

Low 55,668.94 47,247.23 57,771.42 53,073.74 43,502.34 58,147.09 48,217.26 48,614.71 57,495.57
Total 99,287.43 92,359.32 108,967.72 94,531.67 53,940.78 97,957.15 83,636.35 108,045.79 99,203.04

S. przewalskii High 625.21 1883.79 361.15 0 774.02 1046.25 232.30 120.69 194.19
Moderately 7243.89 4968.09 3235.84 1260.40 3468.14 4416.38 6272.95 1838.42 3327.49

Low 32,359.29 18,678.21 16,681.90 13,747.32 26,963.81 22,868.65 31,810.31 18,537.56 17,761.72
Total 40,228.39 25,530.09 20,278.89 15,007.72 31,205.97 28,331.28 38,315.56 20,496.67 21,283.40

P. parvifolia High 3047.10 991.80 2301.20 1096.16 1153.32 3744.90 2755.82 915.58 3167.78
Moderately 20,949.47 13,109.41 18,451.36 9,434.38 14,813.53 15,636.56 13,672.01 19,009.42 21,045.65

Low 86,588.17 83,692.61 92,607.04 59,658.84 81,386.87 80,101.97 99,566.01 99,144.06 77,965.92
Total 110,584.74 97,793.82 113,359.60 70,189.38 97,353.72 99,483.43 115,993.84 119,069.06 102,179.35

3.3. Potential Distribution of Three Species under Future Climate Scenarios

There were significant differences in the distribution area of low suitable habitat,
moderately suitable habitat and high suitable habitat under future climate scenarios
as compared to current. The high suitable habitat for Picea crassifolia decreased un-
der SSP2.6, SSP4.5 and SSP8.5 in the 2070s. Especially, the high suitable habitat for
Sabina przewalskii declined to zero under SSP8.5 in the 2050s. The total suitable habitat for
three species all decreased under SSP8.5 in the 2050s (Figure 4). The total suitable habitat
for Picea crassifolia shrank under SSP2.6, SSP4.5 and SSP7.0 and enlarged under SSP8.5 in
the 2070s. On the contrary, the total suitable habitat for Sabina przewalskii enlarged under
SSP2.6, SSP4.5 and SSP7.0 and shrank under SSP8.5 in the 2070s. The total suitable habitat
for Potentilla parvifolia continued increasing from SSP2.6 to SSP8.5 in the 2070s (Table 3,
Figure 5)).
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The average elevation in potentially suitable habitat for three species showed a slight
upward shift under many climate scenarios in the 2050s and 2070s as compared to the aver-
age elevation of their potential distribution at current. For instance, the average elevation in
potentially suitable habitat for Potentilla parvifolia all increased except under SSP8.5 (3552 m)
in the 2050s. The average elevation of high suitable habitat for Picea crassifolia was 2758 m
at current. However, the average elevation of highly suitable habitat for Picea crassifolia
varied from 2773 m (SSP2.6) to 2849 m (SSP8.5) in the 2050s and increased to 2961 m
(SSP2.6), 2891 m (SSP4.5) and 3043 m (SSP8.5) in the 2070s. The average elevation of highly
suitable habitat, medium suitable habitat and low suitable habitat for Sabina przewalskii
was 2951 m, 3175 m and 3083 m, respectively, at current. However, the average elevation of
potentially suitable habitat for Sabina przewalskii varied from 2597 m to 3487 m in future
climate scenarios. The changes of the average elevation in potentially suitable habitat for
Picea crassifolia and Sabina przewalskii under different climate scenarios were not obvious,
while the mean elevation in potentially suitable habitat for Potentilla parvifolia basically rose
from the current period to the 2070s (Table 4).

Table 4. The average elevation of suitable habitat for three species under different climate scenarios.

Suitable
Habitat

The Average Elevation under Different Climate Scenario (m)
Average

Elevation at
Current (m)

2050s 2070s

SSP2.6 SSP4.5 SSP7.0 SSP8.5 SSP2.6 SSP4.5 SSP7.0 SSP8.5

P. crassifolia High 2773 2834 2790 2849 2961 2891 2691 3043 2758
Moderately 3033 3000 3124 3022 2972 2964 2987 3077 3031

Low 3353 3333 3374 3383 3298 3335 3077 3375 3359

S. przewalskii High 2597 3093 3103 —— 3090 2894 2764 2649 2951
Moderately 2765 3487 3305 3149 3334 3224 2775 2878 3175

Low 3079 3312 3130 3049 3066 3081 3090 2996 3083

P. parvifolia High 3712 3987 3795 3552 3831 3728 3640 4220 3617
Moderately 3578 3597 3537 3717 3822 3605 3625 3586 2636

Low 3499 3539 3502 3711 3587 3482 3520 3629 3475

3.4. The Changes of the Intersection Distribution of Three Species

Due to the large distribution area in the northeastern of QTP for three species, we
analyzed the changes of intersection distributions for three species under future climate
scenarios. Figure 6 showed the modeled vegetation fractional cover and spatial distribution
of suitable habitat under future climate scenarios in the 2050s and 2070s in the northeastern
of QTP. There was a decreasing trend for the intersection distribution area of three species
(34,745 km2 for SSP2.6, 15,441 km2 for SSP4.5 and 7822 km2 for SSP8.5 in the 2050s;
18,584 km2 for SSP2.6, 17,060 km2 for SSP4.5 and 15,440 km2 for SSP8.5 in 2070s), which
expanded their distribution area to the northeast. Under SSP8.5, the distribution for
Potentilla parvifolia enlarged but the distribution for Picea crassifolia and Sabina przewalskii
contracted. The total suitable habitat area for Potentilla parvifolia in the QTP would increase
from 97,353.72 km2 under SSP2.6 to 119,069.06 km2 under SSP8.5 in the 2070s. However, the
total suitable habitat area for Sabina przewalskii in the QTP would shrink from 31,205.97 km2

under SSP2.6 to 20,496.67 km2 under SSP8.5 in the 2070s.
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Figure 6. Intersection for Picea crassifolia, Sabina przewalskii and Potentilla parvifolia under SSP2.6, SSP4.5 and SSP8.5 scenarios.

4. Discussion

4.1. Influence of Environmental Variables on the Potential Distribution of Three Species

It is widely known that the species distributions are not only determined by climatic
factors but also impacted by local topography, human activities and species interactions [37].
Terrain characteristics, i.e., slope, altitude, and aspect are key environmental variables
for shaping the vegetation distribution by changing moisture and heat especially for
alpine trees [38,39]. In this study, analyses of environmental variables showed that aspect
and elevation are critical factors restricting the distribution of the three species. The
three species live in different aspects and their suitable habitats so they have their own
ecological characteristics. Species distribution is primarily affected by elevation and aspect
in alpine forest ecosystems [40]. According to the results of this study, Picea crassifolia is
distributed between 2691 and 3375 m. The mean elevation of the highest habitat Suitability
of Picea crassifolia under SSP8.5 in the 2050s is about 2849 m, which is similar to the previous
study [41].

Temperature and precipitation are two major climate factors affecting the species
distribution, especially growth-season temperatures, cold tolerance and the available water
supply for alpine trees [42]. The results showed that precipitation of driest month (Bio14),
annual precipitation (Bio12), temperature seasonality (Bio4) are major climatic factors
that influence the distribution of Picea crassifolia, Sabina przewalskii and Potentilla parvifolia.
Higher precipitation of the driest month and annual precipitation have a positive impact on
species distribution. Temperature and precipitation are the key factors influencing species
distribution in the drier upper sites. However, species distribution is more restricted by
precipitation than the temperature in the wetter upper sites [37]). Temperature seasonality
is positively related to elevation and strong seasonal variation in temperature may inhibit
the growth of trees [43].

Soil provides the necessary space and nutrients for species to survive and limits their
distributions [44]. The soil thickness at different sites is the reason for the spatial difference
of species distribution [45]. Soil thickness ≥40 cm can store enough available water to
allow trees to survive during drought periods [40]. In this study, we used physical and
chemical characteristics of subsoil (30–100 cm) variables to further evaluate the suitable
distribution of three species. We found subsoil CEC (clay), subsoil bulk density and subsoil
CEC (soil) have a little influence on species distributions the QTP.
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4.2. Average Elevation Changes of Potential Suitable Habitat for Three Model Species

The average elevation in potentially suitable habitat for three species showed a slight
upward shift under many climate scenarios in the 2050s and 2070s as compared to the
average elevation of their potential distribution at current. Especially the average elevation
in potentially suitable habitat for Potentilla parvifolia all increased except under SSP8.5
(3552 m) in the 2050s. These results are similar to other studies, which show plant species
shift to higher elevation and cooler habitats responding to climate warming [46,47]. In
order to adapt to climate change at local, regional, and global scales, alpine species shape
the mechanism of shifting suitable climatic niches to relatively cooler habitats [48]. For
three species in this study, the modeled predictions indicate species would shift to a higher
elevation to occupy the current climate niche by the 2070s.

The changes of the average elevation in potentially suitable habitat for trees (Picea crassifolia
and Sabina przewalskii) under different climate scenarios were not obvious, while the mean
elevation in potentially suitable habitat for shrub (Potentilla parvifolia) had a basically rising
from current to 2070s. The modeling results suggested there would be a competitive
relationship between shrubs and trees. The existence of shrubs restricts the growth of trees
to higher altitudes, so the average altitude of Picea crassifolia and Sabina przewalskii did not
increase further with climate warming. The previous study found the changes in the mean
elevation could be influenced by other factors rather than climate alone [49].

4.3. Influence of Other Factors on the Potential Distribution of Three Species

The vegetation is currently growing to a higher altitude [50,51], and this expansion will
probably go on in the future. It is mainly responsible for climate change due to temperature
or water availability [52,53]. In this study, we found that the positive interaction between
shrubs and trees can promote the upward movement of vegetation. These interactions occur
at slightly higher altitudes [54,55]. Shrubs are expected to expand to a higher elevation
than trees with the same critical survival temperature. The snow cover is the protection of
shrubs because it alleviates the influence of the temperature on shrubs [56]. The interaction
between shrubs and trees may become more and more important to explain changes in
the species composition and structure on the QTP. The expansion of shrubs could be
discontinuous spatially and temporally which actually covers up tree expansion.

In addition, the two Ips species (Ips nitidus Eggers and Ips shangrila Cognato and
Sun) are the most destructive secondary bark beetles on Picea crassifolia and always cause
mortality of trees by their cooperation [57]. Increasing human interventions, such as
harvesting, grazing and mining, may also result in distribution changes of the three species.
The human population on the QTP has expanded dramatically in the past decades. Some
suitable habitats for alpine species were converted to other land uses, such as pastures or
settlements [40].

5. Conclusions

In this study, we explored the influence of climate change on two dominant alpine
trees (Picea crassifolia Kom and Sabina przewalskii Kom) and one dominant alpine shrub
(Potentilla parvifolia Fisch) under different climate scenarios on the Qinghai–Tibetan Plateau.
The predicted current potential distribution of three species was basically located in the
northeastern of Qinghai–Tibetan Plateau, and the distribution of three species was most
impacted by aspect, elevation, temperature seasonality, annual precipitation, precipitation
of driest month, Subsoil CEC (clay), Subsoil bulk density and Subsoil CEC (soil). There
were significant differences in the potential distribution of the three species under four
climate scenarios in the 2050s and 2070s including expanding, shifting, and shrinking.
The mean elevation in potentially suitable habitat for Potentilla parvifolia basically rose
from the current period to the 2070s. Our study provides an important reference for the
conservation of Picea crassifolia, Sabina przewalskii, Potentilla parvifolia and other dominant
plant species under climate change. However, our research only used the friendly MaxEnt
model without considering other models. In future studies, we will select the ensemble
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model which can improve the reliability and accuracy of forecast results to further predict
species distribution.
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Abstract: Climate change has led to shifts in species distribution and become a crucial factor in the
extinction of species. Increasing average temperatures, temperature extremes, and unpredictable
weather events have all become a part of a perfect storm that is threatening ecosystems. Higher
altitude habitats are disproportionately affected by climate change, and habitats for already threatened
specialist species are shrinking. The Siberian ibex, Capra sibirica, is distributed across Central Asia
and Southern Siberia and is the dominant ungulate in the Pamir plateau. To understand how climate
change could affect the habitat of Siberian ibex in the Taxkorgan Nature Reserve (TNR), an ensemble
species distribution model was built using 109 occurrence points from a four-year field survey. Fifteen
environmental variables were used to simulate suitable habitat distribution under different climate
change scenarios. Our results demonstrated that a stable, suitable habitat for Siberian ibex was mostly
distributed in the northwest and northeast of the TNR. We found that climate change will further
reduce the area of suitable habitat for this species. In the scenarios of RCP2.6 to 2070 and RCP8.5
to 2050, habitat loss would exceed 30%. In addition, suitable habitats for Siberian ibex will shift to
higher latitudes under climate change. As a result, timely prediction of the distribution of endangered
animals is conducive to the conservation of the biodiversity of mountain ecosystems, particularly in
arid areas.

Keywords: ensemble species distribution models; suitable habitat; latitude shift; human distribution;
mountain ungulates

1. Introduction

The global ecosystem is being affected by human-induced climate change in unprece-
dented ways, e.g., phenological change, range shifts, community shifts, and so on [1–3].
For wildlife, climate change will produce a series of terrible outcomes that could further
contribute to the sixth mass extinction, such as wildlife population declines and extinction,
range distribution shifts, habitat fragmentation, and increased evolutionary pressure for all
species [4–6]. According to Thomas, et al. [7], a quarter of terrestrial plants and animals may
become extinct by 2050, under the ‘middle emission scenario’ of climate change. Spooner,

Diversity 2022, 14, 750. https://doi.org/10.3390/10.3390/d14090750 https://www.mdpi.com/journal/diversity
111



Diversity 2022, 14, 750

Pearson and Freeman [4] predicted that mammal populations would decline by 1.46%
to 1.76% annually under the scenario of ‘representative concentration pathways 8.5’. In
Asia, about 30% of terrestrial species will be at very high risk of extinction under climate
change [8].

Habitat shifts and eventual loss caused by climate change are the most pervasive
threats to wildlife causing species to migrate towards higher latitudes and/or higher ele-
vations [9–11] and fragmenting suitable habitats [12,13]. For example, Hickling, et al. [14]
predicted that 275 of 329 terrestrial species in Europe would move north in response to
climate change. Alpine and plateau species are particularly sensitive to climate change as
they are typically cold-adapted or cold-tolerant species [15]. In fact, studies have demon-
strated that climate change has caused ibex (Capra ibex), chamois (Rupicapra rupicapra),
and red deer (Cervus elaphus) in the Alps to move to significantly higher latitudes (i.e.,
to the north) [16]. Similarly, due to climate change, four antelope species on the Tibetan
Plateau (Procapra przewalskii, Gazella subgutturosa, P.picticaudata and Pantholops hodgsonii)
are predicted to lose up to 53.2% of their habitat and will be forced to move to higher
latitudes [17]. In addition, in 90 years’ time, the suitable summer range for Alpine ibex will
diminish to 26.4% compared with 2011 under the RCP8.5 scenarios, and they will respond
to high temperatures by moving to higher altitudes [18], as in the case of chamois who
move upslope when it is hotter [19].

The alpine zone of the Pamirs is more sensitive to climate change because the tem-
perature rise is much greater than that in the low-altitude areas [20,21]. Previous studies
on ungulates living in the Pamir plateau have shown that climate change will reduce the
range of these animals [22–24]. For example, the suitable habitat of Marco Polo sheep
(Ovis ammon polii) in Eastern Tajikistan may be reduced by more than 60.6% and 63.2% by
2050 and 2070, respectively [22]. Because of climate change, the Chinese population of the
same species is losing close to 40% of its suitable habitat, and this is mostly happening at
low elevations [24].

The Siberian ibex, Capra sibirica, is a typical mountain ungulate, which inhabits the
mountains of Southern Siberia, Mongolia, Tianshan, Himalaya, Karakorum, Altai, and
Pamir [25,26]. Despite its wide distribution, the species remains poorly studied [27].
Siberian ibex are listed as “near threatened species” by the International Union for Conser-
vation of Nature (IUCN) [25], and as “state second class protection animals” by China [28].
They usually occur at higher elevations from around 1500 m up to 6000 m above sea
level. [29].These ibex mostly inhabit mountains, alpine meadows, exposed rock, precipi-
tous terrain interspersed with cliffs, deep valleys, and steep areas with escape terrain [30].
The Siberian ibex mainly feeds on herbs and shrubs in the middle part of the Tianshan
Mountains, which is one of seven of the largest mountain systems in the world, located
in remote areas of Eurasia [31]. Throughout their distributional range, Siberian ibex show
seasonal movement to higher ridgelines in the summer, descending to lower elevations
in the winter [32,33]. Such movement can be entirely vertical or reach travel distances
of 40 to 100 km [22]. However, Siberian ibex face disturbance from human activities and
domestic competition (i.e., hunting and grazing), and climate change, with changes in
temperature, wind, and precipitation listed as the main drivers affecting the survival of
this species [25,29]. Therefore, it is urgent to study the potential responses of the Siberian
ibex to climate change across its distribution range.

In this study, we analyzed the current distribution of Siberian ibex in the Taxkorgan
Nature Reserve (TNR), which is located in the southwest of Xinjiang, China, and the
factors affecting their distribution by using ensemble species distribution models (eSDMs),
which are considered to improve predictive performance compared to individual species
models [34,35]. We focused our efforts on determining whether or how the distribution
of Siberian ibex will change in response to future global warming. We predict that the
suitable habitat for Siberian ibex would decrease in the TNR in the future, and they would
be forced to migrate to higher latitudes and/or elevations as a response to climate change.
Our study will contribute to understanding the future of ungulates on the Chinese Pamir
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plateau under climate change. Furthermore, the study provides scientific guidance for the
TNR’s conservation planning, which needs to take into account potential future changes
in the distribution of this species when designing conservation policies and planning the
functional zonation of this nature reserve.

2. Methods and Materials

2.1. Study Area

The study area is situated in the Taxkorgan Nature Reserve (TNR) (35.5◦ to 37.5◦ N,
74.4 to 77.1◦ E, Figure 1, an area of ~16,253 km2) in the eastern part of the Pamir, which is
mainly distributed in Taxkorgan County, Xinjiang, China. As part of the Qinghai-Tibetan
Plateau, the elevation of the TNR ranges from 2098 m to 8572 m above sea level, with an
average elevation above 4000 m. The area has limited precipitation and a dry climate [36].
The average annual precipitation is less than 100 mm, the mean annual temperature is 3 ◦C,
the highest temperature in July reaches 38 ◦C, and the mean temperature of the coldest
quarter is −17 ◦C. The region is rich in wildlife. Besides Siberian ibex, sympatric ungulates
include Marco Polo sheep and blue sheep (Pseudois nayaur, AKA bharal). All three species
are preyed upon by the snow leopard (Panthera uncia). The vegetation is dominated by
dwarf shrubs (mainly Artemisia L. and Ceratoides) and grasses (mainly Stipa) [37].

Figure 1. The study area is located in the west of China, which borders Tajikistan, Afghanistan, and
Pakistan. (a) A map of China. It reflects the location of Xinjiang, a province in China. (b) Taxkorgan
Nature Reserve (TNR) is located in the southwest of Xinjiang, China. (c) The map shows the borders
of the Taxkorgan Nature Reserve, with elevation indicated on a green to orange scale. The Karakoram
highway is indicated as a red line transect.

Most human settlements are located below 3500 m above sea level, i.e., along both sides
of the Karakoram highway, which runs south from the city of Kashi up to the Taxkorgan
Valley, through the Marco Polo sheep distribution area, and over the Khunjerab Pass
into Pakistan. The southern part of this route lies in the TNR. The reserve is sparsely
populated by nomadic Tajik and Kirgiz herding people and their livestock (about 23,000 in
total), who live on both sides of the Karakoram highway and in the main valleys inside
of the reserve [38].They move yearly between winter (lower elevation areas) and summer
pastures (higher elevation areas with productive vegetation) [39,40]. In some areas of the
TNR, Siberian ibex share their habitat with domestic animals, which compete with them
for food and space. Since 2018, all of the coal and jade mines have been moved out of the
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reserve, so the herding people and their livestock are the main human disturbance to wild
animals in the TNR.

2.2. Occurrence Data

We conducted a survey of Siberian ibex in the TNR from June to November of 2018 to
2021 (for more details on the line transect survey time please see Supplementary Materials
Table S1). After interviewing the reserve staff and herding people, we set up 23 line transects
with a total length of 1332.74 km, which covers all the habitats occupied by Siberian ibex
in the TNR. Each transect was visited once a year. We followed the transects on foot, by
car, and horseback according to the terrain, and scanned the surroundings with binoculars
(ZEISS 10 × 42, Oberkochen, Germany) at intervals of 2–3 km to spot Siberian ibex. Upon
locating Siberian ibex, we used a telescope (ZEISS 20–60×, Oberkochen, Germany) and
laser range finder (ZEISS T*RF 10 × 54, Oberkochen, Germany) to observe and record their
location (longitude and latitude), their elevation, and their angle and distance from our
observation point. A total of 495 locations were set up along the line transects to search for
Siberian ibex, and 123 occurrences of ibex were recorded, i.e., 26, 29, 36 and 32 distribution
locations were obtained between 2018 and 2021. To reduce any potential spatial sampling
bias (only one occurrence point is retained in each 1 km × 1 km grid), we performed spatial
thinning of Siberian ibex occurrence data. The spatial thinning was performed using a
randomization approach that maximizes the amount of useful information retained [41–43],
while simultaneously reducing the sampling bias by removing as few records as possible
using the ‘thin’ function of the “spThin” package (version 0.2.0) [44] in R (version 4.1.0) [45]
with a thinning distance of 1 km. The spatial thinning process kept a total of 109 occurrence
data points that were used to build the species distribution models.

2.3. Environmental Variables

We considered different environmental factors that can influence the presence of
Siberian ibex, including climate, topography, anthropogenic disturbance, and availability
of resources (i.e., Normalized Difference Vegetation Index (NVDI)) (Table 1). Climate
data was obtained from the WorldClim version2.1 dataset for 1970–2000 (www.worldclim.
org (accessed on 20 September 2020)) [46], with a resolution of around 30 arcseconds
(roughly 850 m at the study area latitude). To predict the influence of climate change
on Siberian ibex, we selected two projection periods for our model: (1) 2050 (average
for 2041–2060) and (2) 2070 (average for 2061–2080) and three greenhouse gas emission
scenarios: (1) RCP2.6 (low greenhouse gas emissions [47]), (2) RCP4.5 (medium greenhouse
gas emissions [48]), and (3) RCP8.5 (high greenhouse gas emissions [49]) based on the
Representative Concentration Pathways (RCPs) of Coupled Model Intercomparison Project
Phase 5 (CMIP5). We chose the BCC-CSM1-1 as the General Circulation Model (GCM),
which more closely conforms to the climatic conditions of our study area [50]. The 30 m
resolution elevation data was derived from the Geospatial Data Cloud site of the Chinese
Academy of Sciences (www.gscloud.cn (accessed on 2 September 2021)), from which we
also calculated the aspect (the range of 0–360), slope (the range of 0–85), and ruggedness of
the area, using ArcGIS 10.6 (ESRI). The latest version (1995–2004) of Human Influence Index,
covering population density, human infrastructure, and human access was obtained from
the Socioeconomic Data and Applications Center (sedac.ciesin.columbia.edu (accessed
on 25 August 2021)) [51]. We derived the global land cover data from GlobeLand30
(www.globeland30.org (accessed on 3 July 2022)) and the NDVI from 2018 to 2021 from
the DATABANK Remote Sensing Data Engine (databank.casearth.cn (accessed on 3 July
2022)) [52]. NDVI and HII data used in the future scenarios’ models remain unchanged
from the current dataset. All factor layers were projected to WGS 1984 UTM Zone 43N
and resampled to a resolution of 850 m. To avoid collinearity between the environmental
variables, we used the “usdm” package (version 1.1-18) [53] in R (version 4.1.0) [45]. We
calculated the variance inflation factor (VIF) between predictor variables for each scenario,
and then used a stepwise procedure to eliminate the factors with VIF > 10 [54]. All the
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variables that entered the ensemble species distribution models of the current and future
scenarios were selected by the above processes when modeling the ibex habitat were labeled
with an asterisk (Table 1).

Table 1. The environmental variables used in the ensemble species distribution models (eSDMs) of
Siberian ibex in Taxkorgan Nature Reserve.

Variable Type Variable Name Description ** Unit

Climate
Bio1 Annual mean temperature °C
Bio2 Mean diurnal range °C

Bio3 * Isothermality -
Bio4 * Temperature seasonality -
Bio5 Max temperature of warmest month °C
Bio6 Min temperature of coldest month °C
Bio7 Temperature annual range °C

Bio8 * Mean temperature of wettest quarter °C
Bio9 * Mean temperature of driest quarter °C
Bio10 Mean temperature of warmest quarter °C
Bio11 Mean temperature of coldest quarter °C
Bio12 Annual precipitation mm

Bio13 * Precipitation of wettest month mm
Bio14 * Precipitation of driest month mm
Bio15 * Precipitation seasonality -
Bio16 Precipitation of wettest quarter mm
Bio17 Precipitation of driest quarter mm
Bio18 Precipitation of warmest quarter mm
Bio19 Precipitation of coldest quarter mm

Topographic

Elevation * The height above sea level m
Slope * The degree of steepness ◦

Aspect * Orientation of the topographic slope -

Ruggedness * The difference between the highest
and lowest elevations in a given area m

Human
distribution Human Influence Index * The extent of human activity -

Food resources

Land cover * Land cover type -
Distance to water * Distance from the nearest water source m

NDVI * Normalized Difference
Vegetation Index -

Note: The asterisk (*) means this variable entered the ensemble species distribution models. The future envi-
ronment variables are consistent with the current environment variables, both of which have been tested for
collinearity, and they are all labeled variables in this table *. ** For more detailed information about climate
variables see www.worldclim.org (accessed on 20 September 2020).

2.4. Species Distribution Model

The ensemble species distribution models (eSDMs) combine predictions across dif-
ferent modeling methods [55]. There have been studies showing that the performance of
eSDMs is better than single models [34,35]. We used eight species distribution algorithms
(generalized linear models, generalized boosting models, generalized additive models,
artificial neural networks, flexible discriminant analysis, multivariate adaptive regression
splines, random forest, and MaxEnt) [55] to build the eSDMs for Siberian ibex in the TNR.
Firstly, we used a random strategy [56] to create 5000 pseudo-absence points [57]. We
then split our occurrence data into two parts: one part with 80% of the data was used
to calibrate the models, and the remaining part (20%) was used for model testing. All
algorithms were run ten times and to obtain eighty single models. Then, we took the
average TSS value of these eighty models as the threshold of whether to enter the eSDMs
(above average TSS were entered in the final model) and built the ensemble model with a
weighted average to project the habitat suitability map for Siberian ibex. The continuous
probability of the presence of the eSDMs was transformed into binary values using a cut-off
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value that maximized TSS to estimate species vulnerability [58,59]. The AUC value (the
area under the receiver operating characteristic curve; a value greater than 0.9 is considered
excellent) and TSS value (a value greater than 0.85 is considered excellent; a value between
0.7 and 0.85 is good) were used to evaluate the performance of the eSDMs [60,61]. All
eSDM analyses were performed using the “biomod2” package (version 3.5.1) [62] in R,
version 4.1.0 [45].

3. Results

3.1. Current Habitat Distribution

The eSDMs for Siberian ibex in the TNR showed excellent performance with a high
AUC (0.94) and TSS (0.77) value. Among the potential factors affecting the current dis-
tribution of Siberian ibex, precipitation seasonality, precipitation of the wettest month,
Human Influence Index (HII), NDVI, elevation, and temperature seasonality were the
main determining factors (Supplementary Materials Table S2). The presence probability
of Siberian ibex was positively correlated with NDVI, and elevations of 3000 to 4800 m
(Supplementary Materials Figure S1).

The current suitable habitat for Siberian ibex in the TNR is mainly distributed in the
northwest and a small part of the northeast (Figure 2). The suitable habitat area is around
2702.15 km2, accounting for 16.6% of the total area of the natural reserve.

 

Figure 2. The current habitat suitability of Siberian ibex in Taxkorgan Nature Reserve.

3.2. Future Habitat Distribution

We simulated the potential distribution of Siberian ibex under three greenhouse
scenarios for two periods. The performance of the six eSDMs was good (Table 2 and
Supplementary Materials Table S3), in which the TSS value range was 0.78–0.81 (average
of 0.793), and the AUC value range was 0.94–0.95 (average of 0.947). In these scenarios,
temperature seasonality, mean temperature of the wettest quarter, and precipitation of
the wettest month were found to be the main climate factors affecting the distribution
of Siberian ibex, which will be driving the distribution of the Siberian ibex further in
this region. In addition, HII, NDVI, and elevation will also affect the distribution of ibex.
Human Influence Index (HII), the indicator of human impact, is also a main factor that will
influence the distribution of ibex, since a high HII is not good for the survival of the ibex.
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Table 2. Changes in suitable habitat of Siberian ibex in Taxkorgan Nature Reserve under different
climate change scenarios.

Period
Future

Scenarios

Suitable Habitat
(km2)

The Change of Suitable Habitat (km2)
The Change of Suitable

Habitat (%)

Stable Gain Loss Gain Loss

Current - 2702.15 - - - - -

2050
RCP2.6 2290.33 1963.76 326.57 738.40 12.09 27.33
RCP4.5 2268.65 1911.01 357.64 791.14 13.24 29.28
RCP8.5 2234.70 1868.39 366.31 833.77 13.56 30.86

2070
RCP2.6 1984.71 1752.79 231.92 948.64 8.58 35.11
RCP4.5 2577.88 2068.52 509.36 632.91 18.85 23.42
RCP8.5 2478.90 2015.05 463.85 687.10 17.17 25.43

Our models indicated a tendency for a decrease in the suitable habitat of Siberian
ibex in the TNR under the future climate scenarios (RCP2.6, RCP4.5, and RCP8.5 for both
2050 and 2070), while the magnitude of the reduction depends on the emission scenario,
although most of the changes do not appear to be spatially substantial (Figure 3). The
average decline of suitable habitat predicted in the future is 14.76%, when compared to the
present. Under the RCP2.6 for 2070, the suitable habitat decreased the most, reaching 26.55%
(717.4 km2) in some models. Moreover, there was no obvious change in the distribution of
Siberian ibex along the altitudinal gradient under climate change (Figure 4). However, we
found that the centroid of Siberian ibex distribution tended to move north under different
climate scenarios (Figure 5).

Figure 3. The habitat suitability of Siberian ibex in Taxkorgan Nature Reserve under three greenhouse
gas emissions scenarios for two periods; top panel predictions for 2050 and bottom panels for
2070. (a) RCP 2.6 for 2050; (b) RCP 4.5 for 2050; (c) RCP 8.5 for 2050; (d) RCP 2.6 for 2070; (e) RCP
4.5 for 2070; (f) RCP 8.5 for 2070.
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Figure 4. The proportion of suitable habitat area for Siberian ibex at different elevation gradients in
Taxkorgan Nature Reserve under current and future climate scenarios.

 
Figure 5. Centroid distribution of suitable habitat for Siberian ibex in Taxkorgan Nature Reserve
under current and future climate scenarios. The average shift to the north is 5.81 km when the latitude
difference is taken into account, and 10.20 km in the RCP2.6 for 2050.

We found that the northwest of the reserve was the most stable suitable habitat for
Siberian ibex under any climate scenario (Figure 6). The area can act as a climate change
refuge for Siberian ibex (Supplementary Materials Figure S2), which is the overlapping
area of current suitable habitat and future stable suitable habitat. The region with major
losses of current suitable habitat was mainly located in the southern part of the reserve,
and the area with an increase was mainly located in the central part of the reserve. The
loss rate of suitable habitat was highest under the scenarios of RCP2.6 for 2070 and RCP8.5
for 2050, reaching 35.11% and 30.86% loss, respectively. However, we found that the lost
suitable habitat and the newly gained suitable habitat were not concentrated in low or
high elevations under different climate scenarios. At the same time, we also found that
the stable suitable habitats were mainly located in the northwest and a small part of the
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northeast of the reserve. Under RCP4.5 for 2070, the area of stable suitable habitat was the
largest at 2577.88 km2.

Figure 6. Transfer of suitable habitat for Siberian ibex between current and future climate scenarios
in Taxkorgan Nature Reserve. (a) RCP 2.6 for 2050; (b) RCP 4.5 for 2050; (c) RCP 8.5 for 2050; (d) RCP
2.6 for 2070; (e) RCP 4.5 for 2070; (f) RCP 8.5 for 2070.

4. Discussion

Numerous studies have confirmed the profound influence of climate warming on the
change in distribution of ungulates [15,63,64]. Such change could be deleterious, leading
to a reduction in species abundance or even extinction as habitats deteriorate [65,66]. In
the Apennines, Italy, the Apennine chamois may undergo a drastic decline in its historical
core range in the next 50 years with a 95% reduction or near-extinction at worst [67]. The
Taxkorgan Nature Reserve, located in the Eastern Pamir, is home to several ungulates,
including the Siberian ibex. In the present study, we, for the first time, forecast the potential
habitat shifts/loss of Siberian ibex in the Eastern Pamir under climate change. We showed
that climate change and human disturbance have combined negative impacts on the
distribution of Siberian ibex.

Suitable habitat for Siberian ibex currently accounts for only 16.6% of the reserve.
Suitable habitat would further contract in the future because any newly gained suitable
habitat would be smaller than the habitat being lost. The extent of habitat loss could
be up to 29.15% and 27.99% at most by 2050 and 2070, respectively, depending on the
climate change scenarios we used in our models. This is partially because the Pamirs are a
complex ecosystem that is highly vulnerable to climate change. For example, the glaciers in
the Eastern Pamirs that play a crucial role in the water cycle in high elevation areas [68]
continue to accelerate their retreat [69] due to a significant upward trend in temperature
and precipitation [70]. Meanwhile, reliable water sources remain crucial for the survival
of animals [71,72] and the survival and distribution of plant communities. In fact, our
models confirmed that the distribution of Siberian ibex in this region is strongly affected
by precipitation (precipitation seasonality and the precipitation of the wettest month) and
temperature (temperature seasonality). This is consistent with the results for Siberian ibex
in Tajikistan [29] and in Pakistan [73]. The rise in temperature will likely cause Siberian
ibex and other alpine ungulates to show behavioral and physiological responses, such as
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heat avoidance and heat stress, leading them to move to higher elevations or seek shade
in the short term [16]. Furthermore, the precipitation of the wettest months may affect
the distribution of ibex via the change in the phenology and richness of plants [17,74].
In addition, we found that Siberian ibex prefer to inhabit areas with high NDVI, i.e.,
where there is high vegetation cover allowing species to acquire food without moving too
far [29,75]. Ruggedness is also a vital factor that influences the distribution of Siberian ibex
in the TNR. The rugged terrain helps ungulates avoid predators [29,76]. In our study, the
probability of the presence of ibex decreases accordingly when HII is greater than 15. A
higher HII value means more serious human disturbance, which means ibex prefer to
inhabit areas with low human disturbance.

Much wildlife has shifted its geographic distribution toward higher elevations or
latitudes [5,67,77–79], and Chen et al.’s (2011) meta-analysis showed that the distribution
of many species has recently shifted to higher elevations at a median rate of 11.0 m per
decade [9]. Interestingly, we have not found such a shift to higher elevations, i.e., the
distribution of Siberian ibex at different elevations remained unchanged under future
climate scenarios. Similarly, no change in elevation was found for most ungulates in
the Tibetan plateau [63]. Non-elevational shifts in those ungulates may be the result of
physiological temperature thresholds and precipitation tolerance on the one hand. On the
other hand, due to the high elevation in the plateau, there are very few areas available
at high elevation for most ungulate species to colonize near their range boundaries and
upward migration is thus limited [63,80,81]. As part of the Tibetan Plateau, the Pamir
plateau may put the same stressors on wildlife, meaning that Siberian ibex may not have
any additional room to climb to higher elevations. Furthermore, another study on ungulates,
including Tibetan antelope Pantholops hodgsoni, Kiang Equus kiang, and wild yak Bos mutus
living on the Tibetan Plateau, revealed that the distribution of the main forage plants will
be reduced by more than 50% in response to climate change [64]. Indeed, research by
Walther, et al. [82] showed that there has been an upward shift in alpine plants. Meanwhile,
the reduction in mountain surface area with rising elevation [83] may not provide Siberian
ibex with contiguous patches of habitat. Therefore, the Siberian ibex may simply run out of
space to move to.

In our study, human disturbance may further contribute to the non-elevational shift
of Siberian ibex. In the TNR, the lower elevation region experiences strong human dis-
turbances, including settlements and infrastructure (HII in our model) [36], where Tajik
herding people graze their livestock [38]. Meanwhile, there is strong food competition be-
tween Siberian ibex and domestic sheep, and Siberian ibex show strong avoidance behavior
towards domestic sheep, which reduces their range of activity [84]. Thus, a series of human
disturbances forces Siberian ibex to abandon potential suitable habitats at lower elevations
leading to a reduction in the vertical distribution range of ungulates [85], which is similar
to the effects found in primates and Walia ibex (Capra walie) [85–87].

In addition to responding to climate change by moving to higher elevations, species
may also move to higher latitudes to acquire new habitats [14,88]. Global species distribu-
tion shifts under climate change are estimated to move toward higher latitudes at a rate of
16.9 km/decade [5,9,14]. By analyzing the centroid of suitable habitat for Siberian ibex at
present and the centroid under different climate scenarios, we found that Siberian ibex in
our study area showed a trend of moving northward under future climate scenarios. This
is consistent with the study of Marco Polo sheep [22] and ibex [29] on the Pamir plateau
in Tajikistan, which have the same shift trend in response to climate change. Similarly,
research on Britain’s mammals has shown that they have shifted 22 km north in the past
25 years [14]. In addition, previous studies have found that birds in different temperature
zones have different distribution mechanisms in response to climate change [89]. Birds
from the northern temperate regions migrate to higher latitudes [90–92], while those from
the tropics migrate to higher elevations [89,93]. In China, Tibetan antelope and goitered
gazelle (Gazella subgutturosa), both located in the northern temperate zone, also showed a
trend of moving northward under climate change [17]. Although we have no evidence that
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all animals living in the north temperate zone exhibit poleward migration in response to
climate change, our results suggest that this could be one of the strategies of Siberian ibex
in response to climate change.

It is a crucial step from theory to practice to put forward conservation management
opinions based on study results. According to our study, the northwest part of the reserve
may be a refuge which will promote Siberian ibex survival under increasingly adverse
climatic conditions. This area should therefore be protected in the future. The key conserva-
tion issue in this area is finding an effective way for Siberian ibex to survive under climate
change. Meanwhile, reducing human activity and grazing in and around the current
suitable habitat will help the Siberian ibex obtain more habitat. In addition, the Siberian
ibex is an ungulate widely distributed in Central Asia [25]. Identifying and conserving the
ecological corridor linking suitable habitat in the reserve and outside the reserve (including
domestic and overseas) will help support gene exchange in the population and promote
genetic diversity.

Our study revealed that climate change has a strong effect on the distribution of
Siberian ibex in the Eastern Pamir, China. One of the expected effects of recent warming
is that it may force animals to move to higher, cooler elevations [94]. Siberian ibex gener-
ally show seasonal movement along an elevational gradient, i.e., they migrate to higher
elevations in summer and to lower elevations in winter due to phenological changes and
variable temperatures at high and low elevations. However, intensive human interference
at lower elevations may prevent Siberian ibex from migrating to lower elevations, further
limiting their distribution and making the range of their distribution along elevation even
narrower [95]. Such distribution patterns may reduce the resistance of Siberian ibex to
environmental changes. Although we are incapable of further analyzing whether and how
interspecific interactions will alter the distribution of the species due to the lack of data
on natural predators (such as snow leopards), domestic animals, and the feeding habits
of the species in the region, our research is nevertheless conducive to the conservation of
ungulates in the plateau ecosystem. Future studies should focus on the effects of intra-
and interspecific interactions on species distribution, and the construction of ecological
corridors should be considered to better protect species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14090750/s1, Figure S1: Response curves of the current ensemble
species distribution models for Siberian ibex in Taxkorgan Nature Reserve to each variable, Figure S2:
Stable suitable habitat for Siberian ibex in Taxkorgan Nature Reserve under climate change; Table S1:
The number of line transects per month for each year (2018–2021) during the survey, Table S2: Ranking
of variables’ importance affecting the distribution of Siberian ibex in Taxkorgan Nature Reserve,
Table S3: The evaluation of ensemble species distribution models (eSDMs, including AUC and TSS)
of Siberian ibex in Taxkorgan Nature Reserve under current and different climate change scenarios.
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Abstract: Acid rock drainage (ARD) impacts species composition in mountain streams. The potential
impact for riparian birds experiencing elevated metal uptake by consumption of benthic invertebrates
is concerning but not well studied. We investigated the influence of metal and rare earth element (REE)
content in benthic invertebrates on the presence of breeding birds in an ARD-impacted watershed in
Colorado, USA, where tree swallows in nest boxes had previously been found to have elevated metal
concentrations at some sites. The concentrations of particular REEs in invertebrates were higher
than those for cadmium or lead. Avian point counts indicated that most bird species detected were
present at most sites, and that tree swallows were rarely found. Occupancy models showed that the
availability of shrub or forest habitat was a good predictor for a few habitat-specialists, but metal
and REE concentrations in water and invertebrates were not good predictors of avian presence. For
other species, neither habitat type nor water quality were important predictors. Overall, this study
indicates that the climate-change-driven increases in metals and REEs may not influence the presence
of riparian birds in ARD-impacted streams.

Keywords: acid mine drainage; riparian birds; rare earth elements; benthic invertebrates

1. Introduction

Acidic drainage can occur naturally wherever geology puts sulfidic minerals in contact
with air and water and is referred to as acid rock drainage (ARD). Major water quality
concerns arise in regions where mining activities greatly accelerate this weathering process,
which is referred to as acid mine drainage (AMD) [1]. In the late 1800s, during the Colorado
Gold Rush, extensive hard-rock mining took place throughout the Colorado Mineral Belt
in the Rocky Mountains (USA). Many mining claims were abandoned just as quickly as
they were excavated and piles of waste rock or mine tailings are common throughout the
Colorado Rocky Mountains to this day. The US Government Accountability Office has
estimated that there are hundreds of thousands of abandoned mines scattered throughout
the Western United States [2]. These abandoned mines continue to contribute acidic, metal-
enriched water to mountain streams, impairing the aquatic ecosystems and acting as a
source of trace metals to drinking-water supplies [3]. Recent studies have found that rare
earth elements (REEs) are also elevated in ARD-impacted streams in the Colorado Mineral
Belt and that summertime concentrations of both metals and REEs are increasing due to
climate change [4].

A pervasive impact of ARD streams is the reduction in species richness, occurring
across microbial, algal, and invertebrate communities [5,6]. Genomics methods have shown
that microbial taxa in ARD streams are dominated by specialized acidophile organisms [7,8].
Fish and amphibians are often absent due to metal or acid toxicity [9,10]. The drivers for
ARD impacts are not only the acidity itself and metal toxicity but also the precipitation of
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iron and aluminum oxides [11]. In streams with high amounts of metal oxide precipitates
covering the streambed, benthic organisms such as primary producers, periphyton, and
invertebrates can be smothered completely [12,13]. Ecosystem processes, such as litter
decomposition, are also suppressed [14,15]. However, in streams with a low pH and high
dissolved metal concentrations, but without precipitates, a few tolerant species of benthic
invertebrates may be as abundant as in pristine streams. For example, McKnight and
Feder [12] found no difference in the benthic invertebrate abundance in an ARD stream
compared to a nearby pristine stream, and the community was dominated by the stonefly
Zapada haysii which is common in ARD streams.

Benthic macroinvertebrates are often used as bioindicators of stream health, and
studies of acidic drainages have shown that invertebrates accumulate metals in their
bodies [16,17]. There are few studies of REE content in benthic invertebrates and no studies
of REEs’ accumulation in benthic invertebrates in ARD streams. In a study of temperate
lakes in Canada, Amyot et al. [18] found that REE concentrations ranged from 0.1 to 1 ng/g
and that REEs were subject to trophic dilution, with lower concentrations at higher trophic
levels. The accumulation of metals and REEs in benthic invertebrates is of concern from
an ecosystem perspective because of the potential for transport up the food web through
bioaccumulation to fish and other predators [19,20].

There has been little investigation into whether elevated metal or REE concentrations
in streams affect nearby terrestrial organisms. One potential pathway for these elements
to enter terrestrial food chains is the emergence of aquatic insects that spend their larval
stages in streams and can be consumed by birds as adult flying insects. Studies have
shown that birds acquire elevated metals from prey in a variety of environments, including
from aquatic sources [21–23]. Environmental acidification and the resulting increased
mobility of metals, especially cadmium, mercury, and lead, has been a long-term concern
for birds [24,25].

The few studies of ARD effects on terrestrial organisms have addressed concerns
related to ingesting elevated levels of toxic metals such as lead (Pb) and cadmium (Cd),
which may lead to a lower survival in breeding birds. There is some evidence for reduced
density, delayed breeding, and fewer offspring produced by Eurasian dippers (Cinclus
cinclus) and Louisiana waterthrushes (Seiurus motacilla) breeding along acidified streams
in Wales and Pennsylvania, respectively [26,27]. The most acidic streams in the dipper
and waterthrush studies had pH values of 4.5, which is higher than many ARD streams.
In a study of tree swallows (Tachycineta bicolor) occupying nest boxes adjacent to ARD
streams in the Snake River watershed in Colorado (USA), Custer et al. [28] found that at
sites where invertebrates had elevated metal concentrations, nestlings also had elevated,
but not toxic, Pb concentrations in liver tissue. It has not yet been determined whether
ARD affects the behavior, survival, reproduction, or population dynamics of free-living
avian species living adjacent to ARD streams. In a recent study of 35 first- and second-order
stream ecosystems impacted by ARD in the Colorado Mineral Belt, Kraus et al. [29] found
that adult aquatic invertebrates had lower contents of Cd and Pb than the larval stages
living in the streams, reducing the impact of metal transfer to insectivorous riparian spiders.
These lower metal contents could potentially also limit the impact of metal transfer to
insectivorous riparian birds.

The present study was conducted in the same watershed as the study by
Custer et al. [28] and assessed the potential impacts to all riparian birds in a large montane
watershed with both pristine and metal-impacted sub-watersheds. The two objectives
were to determine (i) both the trace metal and REE contents of benthic invertebrates in the
watershed to obtain more complete information on ARD impacts, and (ii) whether birds
breeding in riparian forests and wetlands in the watershed are less likely to occupy sites
adjacent to the ARD-impacted streams compared to the pristine streams. Given that climate
change is expected to continue to exacerbate the impacts of ARD [30], the results of this
study help to establish the degree of impact of ARD on both aquatic and terrestrial wildlife.
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2. Methods

2.1. Study Area

This study builds on the extensive and ongoing record of water-quality monitoring
and hydrologic studies in the Snake River watershed (e.g., [4,12,31–33]). For this study,
the lowest point of the watershed was defined as the confluence of the Snake River and
Peru Creek, forming a watershed with an area of 80 km2 (Figure 1). Within each sub-
watershed, valleys are dominated by spruce-fir forest, with riparian willow shrublands
near the streams. At higher elevations, the dominant land-cover types are alpine turf and
exposed bedrock or scree (based on personal observation and the USGS GAP/LANDFIRE
National Terrestrial Ecosystems dataset). Runoff in the watershed is dominated by spring
snowmelt, as recorded by a United States Geological Survey (USGS) stream gage (09047500)
seven kilometers downstream of the study area (Figure S1). Flow in the Upper Snake River
is well correlated with flow at the USGS gage [3].

Figure 1. Map of the Snake River watershed in Summit County, Colorado, showing the sites
where water-quality samples and benthic invertebrates were sampled and where avian point counts
were conducted.

Snake River and Peru Creek are identified on Colorado’s 2022 303(d) list of impaired
water bodies due to high concentrations of zinc, cadmium, copper, and lead [34]. The Upper
Snake River contains naturally-occurring ARD due to underlying acid-producing schists
and gneisses [35]. The pH has ranged between 3.4 and 5.3 since 1980 [3,36]. Monitoring
records since 1980 for the Upper Snake indicate that warmer summer temperatures have
driven increasing concentrations of sulfate, zinc, manganese, other trace metals, and
REEs [3,4]. A “tributary of interest” contributes significantly to the trace metal and REE
load in the Upper Snake [4,33]. The elevated concentrations of REEs have made REEs an
emerging concern for the watershed [4,37].

In contrast to the Upper Snake, the water quality in Deer Creek is good, despite
the presence of abandoned mines [38]. The pH values since 1980 have ranged between
6.2 and 7.6.
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At the confluence of the Upper Snake with Deer Creek, the pH increases rapidly
and there is subsequent precipitation of aluminum and iron oxides. The pH below the
confluence has ranged between 4.8 and 6.8 since 1980 [39–41]. Peru Creek, which joins the
Lower Snake 4.3 km downstream of the confluence of the Upper Snake and Deer Creek, is
heavily impacted by AMD from abandoned mines. The main AMD source in Peru Creek is
the Pennsylvania Mine, which was recently remediated to improve water quality.

The Rocky Mountains of Colorado include a wide array of avifauna. In riparian
habitats above 3000 m (10,000 feet), common species are the American robin (Turdus
migratorius), Wilson’s warbler (Cardellina pusilla), Lincoln’s sparrow (Melospiza lincolnii),
and the white-crowned sparrow (Zonotrichia leucophrys) [42]. In spruce-fir forest above
3000 m, common species again include the American robin, as well as the mountain
chickadee (Poecile gambeli), golden-crowned kinglet (Regulus satrapa), ruby-crowned kinglet
(Regulus calendula), yellow-rumped warbler (Setophaga coronata), dark-eyed junco (Junco
hyemalis), and Cassin’s finch (Haemorhous cassinii) [42].

Twenty study sites were established with five sites along each of four main streams
in the Snake River watershed: Deer Creek, the Upper Snake, the Lower Snake, and Peru
Creek (Figure 1). Sites were numbered from upstream to downstream (i.e., D1 was the
highest site on Deer Creek, LS5 was the lowest site along the Lower Snake). Six of the
sites corresponded to sites used by Custer et al. [28] and Yang [36]: D1 = Upper Deer
(Custer et al. site), D3 = Middle Deer, D4 = Lower Deer, US1 = Upper Snake, US4 = Middle
Snake, and LS4 = Montezuma. Using satellite imagery, additional sites were selected to
ensure at least 600 m between sites. Given that the home ranges of the birds commonly
found in the area are much less than 600 m, this buffer meant that the double-counting of
birds was unlikely. A GPS unit (Garmin GPSmap 64) was used for navigation in the field.
Final sites were determined based on access and proximity to the stream. The elevations of
the sites ranged from 3047 to 3465 m (10,000 to 11,370 feet) above sea level. Photos of select
sites are provided in Figure S1. For each site, bird counts were conducted between 23 and
140 m away from the stream. The bird counts could not be conducted directly adjacent to
the stream because the sound of running water negatively impacted the observer’s ability
to detect birds.

2.2. Sample Collection, Observations, and Analytical Methods

In order to address the first objective of this study, water and benthic macroinvertebrate
samples were collected from both acidic and relatively pristine sites and analyzed for
concentrations of trace metals and rare earth elements (REEs). Water-quality data in the
Snake River, Deer Creek, and Peru Creek were collected at 14 sites (D1, D2, D3, D4, D5,
US1, US3, US4, LS1, LS3, LS5, P1, P2, P4; see Figure 1) between 17 July and 26 July 2017.
The mean daily discharge at USGS gage 09047500 was between 96 and 124 cfs on the four
sampling days, with higher flows during the first week (Figure S1). Ten sites were visited
twice and four sites were only visited once due to access constraints. Specific conductance,
water temperature, and pH were measured with YSI meters. Water samples (150 mL
volume) were collected in acid-washed HDPE bottles, filtered on the day of collection
through 0.45 μm glass-fiber filters, and acidified to below pH 2 with Fisher Scientific Trace
Metal Grade nitric acid.

Benthic macroinvertebrates were collected with a Surber sampler at all sites except
P2, where the stream was too deep and fast for the sampler [43]. The contents of the net
were placed in a white tray and macroinvertebrates were picked out, placed in a zip-top
bag, and frozen immediately. If the number of invertebrates was low, the Surber sampler
was deployed a second time to ensure sufficient mass for analysis, thereby allowing for
comparison with previous studies in this watershed that used similar methods. Invertebrate
samples were stored in a −10 ◦C freezer before being freeze dried. The dried invertebrates
were separated from any detritus with forceps and the dry mass of each sample was
recorded. On two occasions (the second visit to P4 and the only visit to LS5), no benthic
macroinvertebrates were detected. The smallest mass of benthic macroinvertebrates was
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2.2 milligrams at LS1; the largest was 84.6 milligrams at D4. Due to the low mass of some
samples, invertebrates from the two sampling dates for D1, D4, LS1, P1, US1, US3, and US4
were combined, for a total of 13 samples. These samples were then digested in a microwave
digestor with Fisher Scientific (Waltham, MA, USA) Trace Metal Grade nitric acid.

Both macroinvertebrate and water samples were analyzed for concentrations of
57 cations, trace metals, and REEs using inductively coupled plasma mass spectrome-
try (ICP-MS). The concentrations of eight commonly measured trace metals (aluminum
[Al], cadmium [Cd], copper [Cu], iron [Fe], manganese [Mn], nickel [Ni], lead [Pb], and
zinc [Zn]) and 16 rare earth elements (REEs) are reported here. One water sample and
one macroinvertebrate sample were run as duplicates to confirm the analytical error of the
ICP-MS, which was also confirmed by comparison to standards. The maximum percent
error for the water sample was 4.17% (europium), with an average error of 1.60%. The
maximum percent error for the macroinvertebrate sample was 11.11% (lutetium), with an
average error of 2.01%. The error values were consistently low; thus, metal concentrations
are reported without adjustments for error.

In order to address the second objective of this study, the entire suite of bird species in
the watershed was observed to gain a broad picture of the community-wide effects of ARD
in the terrestrial system. Avian point counts were conducted during three weeks of the
avian breeding season in the summer of 2017. Point counts took place between 9 June and
30 June, 2017, based on nesting dates reported in Yang [36]. Water sampling did not take
place concurrently with the avian point counts; during the avian breeding season, the water
levels were too high to use the Surber sampler. Each site was visited on three separate days
for a total of three counts per site. Surveys took place between ten minutes after sunrise and
10 a.m. During each eight-minute count, all individual birds of all species were recorded
that were seen or heard. The avian abundance data were converted to presence–absence
detection histories for all species that were detected at more than 4 of the 20 sites (>20%
naïve occupancy).

The survey-specific covariates recorded for each count included the Julian date, start
time, start temperature (from a Garmin tempe wireless temperature sensor), and categorical
indices for wind (0 = smoke rises vertically; 1 = smoke drifts; 2 = leaves rustle, wind felt
on face; 3 = leaves and small twigs in constant motion; 4 = raises dust, small branches are
moved; 5 = small trees in leaf begin to sway), sky (0 = few clouds; 1 = partly cloudy or
variable sky; 2 = cloudy), and noise (1 = quiet; 2 = wind rustles leaves; 3 = distant roar of
water; 4 = nearby roar of water). In order to reduce the number of modeled parameters,
wind was converted to a binary variable with values of 0 and 1 comprising one category
and values of 2 or greater comprising the other. Noise was similarly divided into two
categories: values of 1 or 2 comprised the first category and values of 3 or 4 comprised
the second.

The site-specific covariates were metrics of either habitat or water quality. Habitat
variables were derived from remote-sensing data, specifically the USGS GAP/LANDFIRE
National Terrestrial Ecosystems dataset (https://gapanalysis.usgs.gov/gaplandcover/
data/, accessed on 1 March 2018). Landcover for the state of Colorado was imported into
ArcMap along with the study site locations. The first habitat covariate was the landcover
type, reclassified as either forest, shrub, or grass. The percent of forest and the percent of
wetland shrub were determined around each point at 100-, 200-, and 300-m scales. Finally,
elevation (as recorded on a Garmin GPSmap) was included as a habitat variable, because
species richness usually decreases with altitude [44]. The Snake River watershed may be at
the altitudinal limit of some species. Water-quality covariates were based on the metal and
REE concentrations in water or benthic macroinvertebrates.

2.3. Data Analysis

The effects of dissolved metals on biota can be additive [45], and an additive measure
of toxicity is more conservative in that it likely overestimates organisms’ exposure to
harmful conditions. For this study, the “cumulative criterion unit” (CCU) was used and
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was calculated as the ratio of the measured metal concentration to the U.S. Environmental
Protection Agency (EPA) criterion value for that metal, summed for all metals [46]:

CCU = ∑
mi
ci

where mi is the total dissolved metal concentration and ci is the criterion value for the
ith metal. CCU values are unitless. Values above 1.0 are likely to cause harm to aquatic
organisms [46]. The Colorado Water Quality Control Commission (Regulation No. 33)
chronic criterion values were used as the criterion values for Al, Cd, Cu, Mn, Ni, Pb, and Zn,
which are hardness dependent and varied with the calcium and magnesium concentrations.
The Al standard is for total recoverable metal, but the measurements were made of the
dissolved phase and the Al criterion is likely too high. Colorado does not have an Fe
standard; thus, the national EPA Criteria Continuous Concentration (CCC), was used—this
standard is not hardness dependent and is equal to 1000 μg/L [47]. Chronic values were
used instead of acute standards because the chronic values represent a higher threshold,
making the CCU a more conservative estimate of toxicity. Only the trace metals were
included in the CCU because criterion values for REEs do not exist. Metals that were below
the ICP-MS detection limit were not included in the CCU calculation.

In order to evaluate potential spatial autocorrelation, Moran I values were calculated
for the dissolved metal and REE concentrations at the stream sites and in the benthic
macroinvertebrates, as well as for bird species. The coordinates of the sample sites were
used to create a matrix of Euclidean distances for each pair of sites. The inverse of this
matrix was used with the Moran I function to determine the Moran I value for each analyte.

A univariate regression was used to determine whether the dissolved metal and
REE concentrations were a significant predictor of the invertebrate metal concentration.
Separate regressions were conducted for the 9 sites in metal-impacted sub-watersheds and
the 5 Deer Creek sites with neutral pH, because these two groups of sites were dominated
by invertebrate species in different functional feeding groups. At sites where benthic
macroinvertebrate samples from different weeks were combined, the concentrations were
averaged across weeks. Data were log-transformed prior to regression. Only regressions
with significant p-values (alpha = 0.05) are reported. Regressions, and all other statistical
analyses, were conducted in R version 3.4.2 [48].

Occupancy models were used to relate habitat and trace metal and REE exposure
variables to the presence of various avian species. In order to avoid the multicollinearity
of covariates in occupancy models, aggregate metrics were chosen as site-specific covari-
ates. Principal component analyses (PCAs) were conducted on centered and scaled metal
concentrations in water and in invertebrates to reduce the dimensionality of the multi-
variate dataset while retaining most of the dataset’s original variation. The first principal
components (PC1) of dissolved metals and REEs in water samples and all metals and
REEs in benthic macroinvertebrates were used as site-specific covariates. The CCU (the
additive measure of trace-metal concentrations in water) and the concentrations of Pb
in invertebrates were also used as predictor variables. Pb was chosen because Pb was
the only metal shown to have some cellular-level effects on nesting tree swallows in the
Snake River watershed [28]. Occupancy models cannot use sites with missing site-specific
covariates, and water and invertebrates were collected for only 14 of the 20 sites; thus,
values for the missing sites were interpolated. Table S1 lists all the candidate covariates
used in model selection.

The R packages ‘unmarked’ and ‘AICcmodavg’ were used to build occupancy models
for each bird species using an information theoretic approach [49]. A pre-defined list of
candidate models was ranked using the Akaike’s Information Criterion (AIC) to account
for small sample sizes, such that:

AICc = −2 log
(

L
(
θ̂
))

+ 2K
(

n
n − K − 1

)
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where L refers to the maximum likelihood for the parameter estimates θ̂, given the data and
model structure; K is the number of estimated parameters; and n is the sample size [49].
Lower AICc values indicate a more parsimonious model. For a given species, candidate
models were ranked according to AICc and the difference was calculated between the low-
est AICc value and other models’ AICc values, known as the Δ AICc or “AICc difference”.
Models with a Δ AICc of less than 2 are considered to have substantial support for being
the actual best model, while models with a Δ AICc between 4 and 7 have considerably less
support [49]. The weights based on the Δ AICc were calculated such that all the individual
weights summed to 1 for a given dataset:

wi = exp(− 1
2

Δi)
/∑R

r=1 exp(− 1
2

Δi)

where R is the number of candidate models. Higher weights indicate a higher “weight of
evidence” for a model being the actual best model, given the set of candidate models [49].

A hierarchical method was used in which only the survey-specific covariates were
modeled before proceeding to the overall best model selection. For the forest and shrub
covariates, the best scale was determined, before proceeding to overall model selection.
Site-specific covariates that measured similar characteristics (e.g., PC1 of dissolved metals
and CCU, or PC1 of invertebrate metals and Pb in invertebrates) were not included in
the same model to avoid multicollinearity. Although these covariates measure similar
characteristics, it was necessary to test all covariates since, for example, the CCU does not
include information on REEs. The “best” models were defined as those with a Δ AICc
of less than 3. These “best” models may have unstable parameters or a low predictive
skill; therefore, the model-averaged coefficient estimates (betas) and their 95% confidence
intervals for parameters found in the “best” models were determined. A variable was
considered to be a stable predictor of occupancy if the 95% confidence interval for the beta
estimate did not overlap zero. The predictive skill of the best models was also evaluated
by conducting a leave-one-out cross-validation (LOOCV) on both the best model and
the null model (the model with no survey- or site-specific parameters). The best model
was trained on all data points except one; the occupancy of the left-out point was then
predicted based on the observed survey- and site-specific covariates and compared to the
observed occupancy. This step was repeated by dropping each point in turn to calculate
the root-mean-square error (RMSE) for each model.

3. Results

3.1. Trace-Metal and REE Concentrations in Water and Benthic Invertebrates

All results are presented in downstream order, beginning with the Upper Snake, Deer
Creek, the Lower Snake, and finally Peru Creek. The complete results for pH, specific
conductance, hardness, and dissolved trace-metal concentrations are presented in Table S1.
All dissolved REE concentrations can be found in Table S2. The total mass of the combined
benthic invertebrate samples and the sampling effort are presented in Table S3. Trace-metal
and REE concentrations in invertebrates can be found in Tables S4 and S5, respectively.
All of the Moran I values for dissolved trace metals and REEs and for trace metals and
REEs in benthic invertebrates were determined to have an absolute value of less than 0.3,
and for most of the trace metals and REEs in invertebrates the p values exceeded 0.05
(Tables S6 and S7). Similar to Pearson coefficients, Moran I values can range from 1 to −1
and the low Moran I values for these analytes indicate a random spatial distribution.

Stoneflies in the genus Zapata dominated the Upper Snake and Peru Creek, whereas the
most abundant benthic macroinvertebrates in Deer Creek were Baetis mayflies, consistent
with previous observations in this watershed (Table S8). Invertebrate biomass in the
Lower Snake was extremely sparse. As a result of the difference in the functional feeding
group of the dominant species in acidic versus neutral pH streams, these streams were
analyzed separately.
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In the Upper Snake, the pH values were very acidic: between 3.05 and 3.23. The pH
values were slightly basic throughout Deer Creek, ranging from 7.66 to 8.05 (Figure 2). In the
Lower Snake, below the confluence of Deer Creek, the pH values were less acidic, returning
to circum-neutral below the inflow of Saints John Creek (see Figure 1). The pH values along
Peru Creek ranged from 4.31 to 5.27, with higher values below tributary inflows.

Figure 2. pH values and specific conductance in the Snake River watershed.

The Upper Snake had the highest specific conductance, ranging between 189.5 and
286.5 μS (Figure 2). Specific conductance was much lower in Deer Creek. The Lower Snake
had intermediate values between 126.9 and 147.5 μS. Specific conductance in Peru Creek
ranged between 167.3 and 230.4 μS.

The CCU values based on the trace-metal concentrations are shown in Figure 3.
Dissolved trace-metal and REE concentrations followed a similar pattern throughout the
watershed. Figures 4 and 5 present the dissolved concentrations of REEs with high and
medium maximum concentrations, respectively. All the REEs in the high category were
“light-group” REEs, defined as having an atomic number between 57 and 64.

The concentrations of trace metals in invertebrates are presented in Figure 6, and the
concentrations of the more abundant REEs in invertebrates are presented in Figures 7 and 8.
In the invertebrates, the concentrations of trace metals and REEs did not follow patterns as
clear as were observed in the dissolved concentrations. In general, the REEs that had low
dissolved concentrations were also low in invertebrates.
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Figure 3. Cumulative Criterion Unit of water samples in the Snake River watershed.

Figure 4. Dissolved Ce, La, Nd, and Y concentrations in water samples. These REEs had high (greater
than 6 μg/L) maximum concentrations.

Concentrations of trace metals and REEs in the Upper Snake increased downstream
(Figures 4 and 5). A large increase—usually a doubling or tripling in concentration—
occurred for Al, Cd, Mn, Ni, Zn, and most REEs between US3 and US4 at the inflow of
the “tributary of interest”. The concentrations of many elements were higher at US4 than
at any other site. Iron concentrations overall were extremely high and decreased from a
maximum of 2508 μg/L at US1 to 1696 μg/L at US4. CCU values averaged 58.5 at US1 and
US3, and leapt to 132.8 at US4 (Figure 3).

In the Upper Snake, the Mn, Zn, and most REE concentrations in invertebrates in-
creased downstream, but there was no marked increase at US4, below the tributary of
interest (Figures 6–8). Meanwhile, Al, Cu, Ni, Pb, Eu, Lu, and Sc peaked at US3 and had
lower concentrations at US4. Iron was distinct in that it decreased downstream, with
extremely high invertebrate Fe concentrations at US1 of 34,900 μg/g dry mass. Other
elements that had maximum concentrations in invertebrates in the Upper Snake were Pb,
Ce, Nd, Gd, Sm, and Eu.

135



Diversity 2023, 15, 712

 

Figure 5. Dissolved Dy, Er, Gd, Pr, Sc, and Sm concentrations in water samples. These REEs had
medium (between 1 and 3 μg/L) maximum concentrations. Certain concentrations of gadolinium
and erbium in Deer Creek were below ICP-MS detection limits.

In Deer Creek, trace-metal and REE concentrations were relatively low (Figures 3–5).
Cadmium, Ni, Pb and all REEs were below 1 μg/L; Al, Cu, Mn, and Zn were all below
11 μg/L; and the highest Fe concentration was 124 μg/L. Metal concentrations were
relatively constant going downstream. CCU values at all Deer Creek sites were low
(Figure 3).

Despite the relatively low dissolved metal and REE concentrations, the highest concen-
trations of a few trace metals and REEs in invertebrates in the whole watershed occurred in
Deer Creek (Figures 6–8): Cd peaked at 4.12 μg/g dry mass at D5; Pr peaked at 1.93 μg/g at
D1; and La peaked at 8.43 μg/g at D1. Manganese and Zn concentrations in invertebrates
were also higher in Deer Creek than in the Upper Snake and REE concentrations were
within the same range.
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Figure 6. Al, Cd, Cu, Fe, Mn, Ni, Pb, and Zn in benthic macroinvertebrates. Concentrations of
cadmium at US1 and US3 were below the ICP-MS detection limits.
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Figure 7. Ce, La, Nd, and Y concentrations in benthic macroinvertebrates. These REEs had high
maximum concentrations in water samples. Maximum concentrations in invertebrates were also high
(>6 μg/g).

In the Lower Snake, trace-metal and REE concentrations were less than in the Upper
Snake (Figures 3–5). White aluminum oxide precipitate was observed on the streambed at
LS1. CCU values ranged between 17.2 and 39.7 in the Lower Snake.

In the Lower Snake, invertebrate trace-metal and REE concentrations were intermedi-
ate or high compared to those for the headwater streams (Figures 6–8). Concentrations of
several metals (Al, Mn, Cu, and Ni) and REEs (Sc, Y, Dy, Er, Yb, Tb, Lu, Ho, and Tm) were
higher in the Lower Snake than at any other study site. Most metals and REEs decreased in
concentration between LS1 and LS3. No invertebrates were found at LS5, which was the
study site below the inflow of Saints John Creek.

In Peru Creek, the dissolved concentrations of many trace metals and REEs were
higher at P1 than at any other site in the watershed (Figures 3–5), with Pb concentrations
being particularly high. The concentrations of all trace metals and REEs decreased between
P1 and P2, where a major tributary joins Peru Creek. P1 had the highest CCU value (95.1).
CCU values at P2 and P4 were similar and averaged 46.4.

In Peru Creek, trace-metal and REE concentrations in invertebrates (Figures 6–8) were
consistently low at P1 and increased at P4, which is the opposite pattern of the dissolved
concentrations. Although dissolved Pb concentrations were the highest in Peru Creek,
Pb concentrations in invertebrates were not. Zinc was the only metal that had higher
invertebrate concentrations in Peru Creek than in other streams.
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Figure 8. Dy, Er, Gd, Pr, Sc, and Sm concentrations in benthic macroinvertebrates. These REEs
had medium maximum concentrations in water samples. Most of these elements also had medium
maximum (between 1 and 2 μg/g) concentrations in invertebrates, but Gd and Sc were high (>6 μg/g)
relative to other REEs. Concentrations of scandium at D1 were below the ICP-MS detection limits.

3.2. Relationships among Trace-Metal and REE Concentrations in Water and Invertebrates

The PCA of dissolved metal and REE concentrations indicated that each of the four
basins had distinct characteristics—sites were neatly clustered by basin (Figure 9A). The
first principal component explained 82% of the variation in dissolved metal concentrations
and separated out the two sites with the highest metal and REE concentrations (P1 and
US4) from the other sites. The loadings on PC1 (Figure 9B) were all positive, indicating
that the overall magnitude of metal and REE concentrations drove the variation along PC1.
The second PC explained 15% of the variation and separated the Upper Snake from the
other basins, especially Peru Creek. The metal loadings on PC2 indicated that differences
in Fe and Pb influenced the clusters in Figure 9A. Metal and REE loadings are presented in
Table S6.
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Figure 9. PCA plot of dissolved metals in water. In (A), the number after the point indicates which
week the point was sampled. In (B), loadings have been standardized.

The PCA of trace-metal and REE concentrations in benthic macroinvertebrates did
not show a distinct clustering by basin (Figure 10A). The first PC explained 60% of the
variation. The loadings on PC1 were all negative, indicating that the overall magnitude of
the concentrations drove the variation along PC1. Thus, because the concentrations in Deer
Creek and the Upper Snake were similar, the PCA did not separate these two streams. The
second PC explained 21% of the variation. The arrows for Fe, Zn, and Mn were the shortest,
indicating that they had less of an influence than other elements (Figure 10B). Pb was the
trace metal most strongly aligned with the REEs. Metal and REE loadings in invertebrates
are presented in Table S7.

 

Figure 10. PCA plot of metals in benthic macroinvertebrates. In (A), the number after the point
indicates which week the point was sampled, or whether it was a combined sample from both weeks.
In (B), loadings have been standardized.

The clustering of sites in the PCA for tissue concentrations in benthic invertebrates was
not similar to the clustering in the PCA for dissolved concentrations. A notable example is
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the comparison for Cd and Pb, which are known toxicants. Dissolved lead concentrations
were lower than those for Cd, but in invertebrates, Pb concentrations were much higher.
For REEs, however, high dissolved concentrations (Figures 4 and 5) generally corresponded
to high concentrations in invertebrates (Figures 6 and 7). The exceptions were Gd and Sc,
which had medium dissolved concentrations (Figure 5) but were high in invertebrates. In
fact, concentrations of Ce, Gd, La, Nd, Sc, and Y in invertebrates were as high or higher
than concentrations of Cd and Pb.

Regressions for acidic sites in the Upper Snake, Peru Creek, and the Lower Snake
showed that dissolved concentrations were generally poor predictors of those metals and
REEs in benthic macroinvertebrates (primarily the shredder Zapata). One exception was
Fe (Table 1), with iron concentrations in invertebrates at acidic sites positively correlated
with dissolved iron concentrations (p = 0.010). In contrast, the concentrations of Cd and
Pb in invertebrates were negatively correlated with the dissolved concentrations of these
two metals. This negative relationship may reflect the protective effect of the low pH
and high Fe concentrations associated with higher concentrations of Cd and Pb. For all
other elements, including REEs, there were no positive or negative significant relationships
between the dissolved and invertebrate concentrations (results not shown).

Table 1. r2 and p-values for significant univariate regressions of log-transformed concentrations of
metals in water and invertebrates for acidic sites on the Snake River and Peru Creek (n = 7 except
for cadmium, where n = 5). Water concentrations were averaged across sites for those sites where
invertebrate samples were combined; * indicates a significant p-value (alpha = 0.05).

Metal
Direction of
Relationship

Adjusted r2 p-Value

Relationships for acidic sites

Cadmium Negative 0.829 0.020 *
Iron Positive 0.717 0.010 *
Lead Negative 0.516 0.042 *

In Deer Creek, where dissolved metal and REE concentrations were low and the
dominant invertebrate is a collector–gatherer/scraper (Baetis), there were no elements with
significant relationships between concentrations in the water and invertebrates.

3.3. Riparian Bird Distribution and Occupancy Models

Twelve bird species were detected during point counts. Table 2 provides scientific and
common names for these species, as well as the naïve occupancy (i.e., the number of sites
where the species was detected in at least one survey divided by the number of sites). Eight
species were detected at more than 20% of the study sites.

Complete abundance data for all twelve species is provided in Tables S11–S13. The
Moran I values for the bird species were all less than 0.065, indicating that the data did not
exhibit spatial autocorrelation (Table S14). The American robin and dark-eyed junco were
detected at all Deer Creek sites, four sites each in the Upper Snake and Peru Creek, and
three sites in the Lower Snake. Lincoln’s sparrow was found at four of five sites along Deer
Creek, three in the Lower Snake, and only two each in the Upper Snake and Peru Creek.
The mountain chickadee was found at all sites in both Deer Creek and the Upper Snake,
but only three sites each along the Lower Snake and Peru Creek. The ruby-crowned kinglet
was detected at all Deer Creek sites, four Upper Snake sites, and only three sites each along
the Lower Snake and Peru Creek. The white-crowned sparrow and Wilson’s warbler were
detected at four of five sites in all basins except Peru Creek, where they were only detected
at one site. The yellow-rumped warbler was found at all Upper Snake sites but only three
Deer Creek sites, three Peru Creek sites, and two Lower Snake sites.
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Table 2. Birds detected in the Snake River watershed. Naïve occupancy refers to the ratio of sites
where the species was detected in at least one survey. Occupancy models were not built for the
greyed-out species.

Common Name Scientific Name Naïve Occupancy

American Crow Corvus brachyrhynchos 0.20
American Robin Turdus migratorius 0.80

Dark-eyed Junco Junco hyemalis 0.80

Lincoln’s Sparrow Melospiza lincolnii 0.55

Mountain Chickadee Poecile gambeli 0.80
Northern Flicker Colaptes auratus 0.05
Pine Grosbeak Pinicola enucleator 0.05

Ruby-crowned Kinglet Regulus calendula 0.75
Steller’s Jay Cyanocitta stelleri 0.10

White-crowned Sparrow Zonotrichia leucophrys 0.65

Wilson’s Warbler Cardellina pusilla 0.65

Yellow-rumped Warbler Setophaga coronata 0.65

Values for site-specific covariates and survey-specific covariates are reported in
Tables S15 and S16, respectively. Sites along the Snake River and Deer Creek were a mix of
forest and wetland shrub habitat, with one high-elevation site (US1) classified as grass. All
Peru Creek sites were dominated by forest habitat. The percent of shrub habitat tended
to decrease as the scale increased from 100 m to 300 m, whereas forest habitat tended to
increase as the radius increased.

Using these habitat parameters, plus the water and invertebrate parameters, occupancy
models were built for the eight species detected at more than 20% of the study sites. One
clear relationship emerged from these models. Three wetland-shrub habitat specialists were
detected in the watershed: Wilson’s warbler, Lincoln’s sparrow, and the white-crowned
sparrow. None of these three species were detected at US5, LS5, P2, P4, or P5 (among other
sites), which were the only five sites with zero percent shrub within 100 m. Otherwise,
these species were commonly detected at Deer Creek, Upper Snake, and Lower Snake
sites with shrub habitat, indicating that habitat, but not water quality or invertebrate prey
quality, is an important factor for these species during the breeding season. There were no
obvious patterns in the occurrence of the other five species. The American robin is a habitat
generalist while the dark-eyed junco, mountain chickadee, ruby-crowned kinglet, and
yellow-rumped warbler all prefer forest habitats. However, all these species were found at
sites with a variety of values for percent forest and shrub. The best models for each species
(models with a Δ AICc of less than 3) are listed in Table 3, and model-averaged estimates
of the coefficients (betas) for parameters in those models are found in Table 4. For certain
species, one or two models were clearly better than the others. For others, the AICc weights
offered support for a suite of models. The site-specific covariates that appeared in the set
of best models varied by species and included both water quality and habitat variables.
The 95% confidence intervals for all site-specific covariates, for all species, included zero,
indicating that none of these variables were stable predictors of occupancy. However, this
outcome may be due to the small sample size. Despite having wide confidence intervals,
many of the parameter estimates make sense based on the known habitat preferences for
particular species. Finally, the leave-one-out cross-validation (LOOCV) results showed that
the best models for four of the eight species did a better job at predicting occupancy than
the null models for those species (Table 5).

142



Diversity 2023, 15, 712

Table 3. Occupancy models with a Δ AICc of less than 3 for each species. Models are named based
on their site-specific (Ψ) and survey-specific covariates (p), and Ψ(.), p(.) indicates models with
no covariates.

Species Model Names AICc Δ AICc Weight
Cumulative

Weight

American Robin Ψ(Elevation), p(Stemp) 77.715 0.000 0.825 0.825

Dark-eyed Junco

Ψ(.), p(Stemp) 85.609 0.000 0.318 0.318

Ψ(.), p(.) 86.950 1.341 0.163 0.481

Ψ(Elevation), p(Stemp) 87.948 2.339 0.099 0.579

Ψ(InvertPb), p(Stemp) 88.294 2.685 0.083 0.662

Ψ(Forest300), p(Stemp) 88.590 2.981 0.072 0.734

Ψ(Shrub100), p(Stemp) 88.598 2.989 0.071 0.805

Lincoln’s Sparrow
Ψ(Shrub300), p(Julian) 54.974 0.000 0.462 0.462

Ψ(Forest100), p(Julian) 56.801 1.827 0.185 0.647

Mountain
Chickadee

Ψ(.), p(Julian) 67.352 0.000 0.253 0.253

Ψ(PC1inverts), p(Julian) 68.214 0.861 0.165 0.418

Ψ(Shrub100), p(Julian) 68.459 1.106 0.146 0.564

Ψ(Elevation), p(Julian) 68.805 1.453 0.123 0.686

Ruby-crowned
Kinglet

Ψ(.), p(Julian + Noise) 81.668 0.000 0.376 0.376

Ψ(PC1inverts), p(Julian + Noise) 84.364 2.696 0.098 0.473

White-crowned
Sparrow

Ψ(Forest100 + InvertPb), p(Julian) 55.342 0.000 0.463 0.463

Ψ(Shrub100 + InvertPb), p(Julian) 55.348 0.006 0.462 0.925

Wilson’s Warbler
Ψ(Shrub300), p(.) 58.425 0.000 0.417 0.417

Ψ(Forest100), p(.) 58.453 0.028 0.411 0.828

Yellow-rumped
Warbler

Ψ(.), p(Noise) 80.543 0.000 0.182 0.182

Ψ(.), p(.) 80.747 0.204 0.164 0.346

Ψ(Forest300 + CCU), p(Noise) 81.047 0.504 0.141 0.487

Ψ(Forest300), p(Noise) 81.159 0.617 0.133 0.620

Ψ(CCU), p(Noise) 81.619 1.077 0.106 0.726

Ψ(PC1water), p(Noise) 82.484 1.941 0.069 0.795

Ψ(PC1inverts), p(Noise) 82.659 2.117 0.063 0.858

Ψ(Elevation), p(Noise) 83.096 2.554 0.051 0.909

Ψ(Shrub300), p(Noise) 83.374 2.831 0.044 0.953

Table 4. Modeled-averaged parameter coefficient estimates from occupancy models. Both site-specific
(Ψ) and survey-specific (p) covariates are included. Only estimates of parameters in occupancy models
with a Δ AICc of less than 3 are included. An asterisk (*) indicates a stable estimate, i.e., the confidence
interval does not overlap zero.

Species Parameter
Model-Averaged

Beta Estimate
95% Confidence

Interval

American Robin
Elevation (Ψ) 34.37 −128.79–197.54

Stemp (p) 0.07 −0.01–0.14
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Table 4. Cont.

Species Parameter
Model-Averaged

Beta Estimate
95% Confidence

Interval

Dark-eyed Junco

Elevation (Ψ) 1.22 −2.19–4.64

InvertPb (Ψ) −0.09 −0.42–0.24

Forest300 (Ψ) −0.02 −0.17–0.12

Shrub100 (Ψ) −0.02 −0.11–0.07

Stemp (p) −0.07 −0.15–0

Lincoln’s Sparrow

Shrub300 (Ψ) 0.15 −0.01–0.3

Forest100 (Ψ) −0.03 −0.08–0.03

Julian (p) 0.33 * 0.06–0.59

Mountain Chickadee

PC1inverts (Ψ) 0.78 −0.92–2.48

Shrub100 (Ψ) −0.06 −0.18–0.06

Elevation (Ψ) 1.03 −0.85–2.91

Julian (p) −0.23 * −0.35–−0.11

Ruby-crowned
Kinglet

PC1inverts (Ψ) −0.25 −0.81–0.32

Julian (p) 0.1 −0.01–0.21

Noise1 (p) −2.21 * −3.85–−0.58

White-crowned
Sparrow

InvertPb (Ψ) 3.72 −7.38–14.82

Shrub100 (Ψ) 3.4 −6.25–13.01

Forest100 (Ψ) −1.52 −6.42–3.38

Julian (p) 0.2 * 0.06–0.34

Wilson’s Warbler
Shrub300 (Ψ) 2.38 −50.72–55.48

Forest100 (Ψ) −0.8 −17.84–16.24

Yellow-rumped
Warbler

Forest300 (Ψ) −0.08 −0.22–0.06

CCU (Ψ) 0.05 −0.06–0.15

PC1water (Ψ) 0.33 −0.68–1.34

PC1inverts (Ψ) 0.50 −0.97–1.97

Elevation (Ψ) 0.60 −0.82–2.03

Shrub300 (Ψ) 0.05 −0.12–0.22

Noise1 (p) −1.35 −2.96–0.25

Table 5. Leave-one-out cross-validation model skill. Lower root-mean-square error (RMSE) indicates
that the model did a better job of predicting the occupancy of sites not included in the model’s
training data. An asterisk (*) indicates that the best model was better than the null model, which has
no survey- or site-specific covariates.

Species
RMSE of Null

Model
Best Model RMSE of Best Model

American Robin 0.443 Ψ(Elevation),
p(Stemp) 0.229 *

Dark-eyed Junco 0.436 Ψ(.), p(Stemp) 0.442

Lincoln’s Sparrow 0.524 Ψ(Shrub300),
p(Julian) 0.447 *

Mountain Chickadee 0.423 Ψ(.), p(Julian) 0.424
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Table 5. Cont.

Species
RMSE of Null

Model
Best Model RMSE of Best Model

Ruby-crowned
Kinglet 0.465 Ψ(.), p(Julian + Noise) 0.469

White-crowned
Sparrow 0.510 Ψ(Forest100 +

InvertPb), p(Julian) 0.358 *

Wilson’s Warbler 0.505 Ψ(Shrub300), p(.) 0.004 *

Yellow-rumped
Warbler 0.507 Ψ(.), p(Noise) 0.533

4. Discussion

Overall, the water quality in the study area was similar to many prior studies of this
watershed [4,12,28,31,36,37]: acidic sub-watersheds (the Upper Snake and Peru Creek)
contained high levels of dissolved trace metals and REEs, while Deer Creek contained low
levels of dissolved metals and REEs. As in previous studies, the dominant benthic macroin-
vertebrate species varied by basin [12,36], which may influence the differences across the
sub-watersheds because trace-metal concentrations in freshwater benthic invertebrates
have been found to vary with functional feeding guilds [50]. Stoneflies, which dominate
the Upper Snake and Peru Creek basins, are shredder–detritivores that consume leaves that
have fallen into the stream and have been colonized by bacteria and fungi [51]. As such,
the stoneflies may avoid consuming elevated metal concentrations, as demonstrated by the
finding that trace-metal and REE concentrations in invertebrates were not well correlated
with concentrations in the water. Mayflies, which dominate the relatively pristine Deer
Creek basin, are collector–gatherer/scrapers that consume periphyton biomass that may be
enriched in trace metals. These mayflies are rarely found in streams with elevated metals,
so this taxon is usually considered to be sensitive to poor water quality. However, there
were no significant relationships between metal and REE concentrations in the water and
invertebrates at Deer Creek sites.

The comparison of invertebrate trace-metal concentrations in this study conducted
in 2017 with data for five of the sites studied in 2004 by Yang [36] does show that the
concentrations of Al, Cu, Fe, and Ni increased at all five sites. Al concentrations were over
an order of magnitude higher in both Deer Creek and the Upper Snake in 2017. Increases
in Deer Creek over the thirteen years were smaller, and Cd, Mn, Pb, and Zn concentrations
increased at some sites but not others. One of the main patterns that Yang [36] found was a
large increase in invertebrate trace-metal concentrations at the Middle Deer site compared
to the surrounding sites in Deer Creek. In 2017, Al, Fe, and Mn also peaked at this site (D3)
compared to D1 and D4, but other trace metals had decreased. Despite these increases,
which may be associated with the increasing concentrations of trace metals over time in
the watershed [3,4], it is important to consider that the benthic invertebrate taxa currently
present in the watershed may be adapted to these high concentrations of trace metals and
REEs that may have occurred during warm periods in the past.

In the context of potential adaptation, it is important to note that the concentrations of
REEs in benthic invertebrates found in this ARD-impacted watershed are much higher than
other reported values. In comparison to the REE concentrations found by Amyot et al. [18]
for invertebrates in pristine temperate lakes in Canada, the REE concentrations for all
the stream reaches in the Snake River watershed are 3–4 orders of magnitude higher.
Furthermore, the REE concentrations found in this study are 1–2 orders of magnitude
higher than the concentrations reported by Pastorino et al. [17] for invertebrates in six
stream sites in Italy receiving inputs from nearby agricultural and industrial activities.
However, similar to the findings of Pastorino et al. [17], the light REEs generally exhibited
higher concentrations than the heavy REEs.
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There may be a potential for the bioconcentration of REEs in the aquatic ecosystems
of the Snake River watershed. Although there are no native fish populations present in
the Snake River, Deer Creek does support native fish and the Lower Snake is occasionally
stocked with rainbow trout as a recreational fishery [10]. The concentrations of some REEs
in invertebrates were as high or higher than those for Cd or Pb, which are known toxicants;
thus, REEs are an emerging concern beyond the widely recognized impacts of ARD.

Of the eight avian species detected at more than 20% of the study sites, the mountain
chickadee is the only resident species, although it may move to lower elevations during
the winter. The other seven species all migrate south in the fall and arrive back in the
Rocky Mountains between mid-March and late-May [52]. All species are reported to eat at
least some arthropods, including insects, during the breeding season. The home ranges
for these eight species are generally much smaller than the 600-m buffer between the sites.
For example, mountain chickadees and white-crowned sparrows have territories of 6–7 ha,
which is equivalent to a circle with radius ~150 m [53,54]. Sabo [55] found that territories
for the ruby-crowned kinglet, yellow-rumped warbler, and dark-eyed junco ranged from
0.6 to 1.1 ha.

Occupancy models for eight insectivorous avian species provided little evidence that
bird presence in the Snake River watershed was influenced by water quality or metal and
REE concentrations in invertebrates, which represent potential prey during the breeding
season. This is despite large variation in habitat and water-quality parameters across the
study area. For three species (Lincoln’s sparrow, Wilson’s warbler, and the white-crowned
sparrow), the best models did predict occupancy better than the null model. All three of
these species are habitat specialists—they only breed in willow (Salix spp.) wetlands such
as those found in parts of the Snake River watershed [56–58]. Therefore, it makes sense
that the best models included percent shrub or percent forest landcover. For four species
(dark-eyed junco, mountain chickadee, ruby-crowned kinglet, yellow-rumped warbler),
the best models did not predict occupancy any better than the null models. This suggests
that the factors that are influencing the occupancy of these species were not included in
the candidate models, potentially due to the widespread distribution of these species in
the study area. The best model for the American robin also predicted occupancy better
than the null model, but this may have been an artefact of a small sample size; the model
suggested that robin occupancy increases with increasing elevation, but robins are known
to thrive at all elevations up to those found in the study area [42].

The only potential indicator of a relationship between avian occupancy and metal
concentrations was the best model for the white-crowned sparrow. In addition to percent
forest cover within 100 m, the best model for this species included lead concentrations
in invertebrates. Given that Custer et al. [28] found that Pb concentrations in the livers
of tree swallows had been high enough to inhibit some enzyme activity, the presence
of invertebrate Pb concentrations in the best model supports the further study of Pb
bioavailability and bioaccumulation.

Besides the white-crowned sparrow, other species did not show any relationship
between occupancy and metal and REE concentrations in aquatic invertebrates. This
finding, suggesting a limited impact on riparian birds, is consistent with the results of the
study by Kraus et al. [29] which included 35 streams and showed that concentrations of Cd
and Pb were generally lower in adult aquatic insects compared to the aquatic insect larvae—
thereby limiting the trophic transfer to predatory riparian spiders. Furthermore, the results
of this study provide a broader context for interpreting the results of a previous study in the
Snake River watershed, which examined birds that used nest boxes set up for the study [28].
Ninety percent of the birds using the nest boxes were tree swallows (Tachycineta bicolor)
or violet–green swallows (T. thalassina) [28]. The authors of the previous study found
that benthic macroinvertebrates contained elevated concentrations of metals at one site on
Deer Creek and that tree swallows did not use nest boxes at that site, indicating a possible
link between water quality and avian habitat selection [28]. However, no swallows were
observed anywhere in the study area in 2017. Tree swallows are rarely found above 9000
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feet in Colorado [42], but they have been known to breed in nest boxes outside their typical
range [59]. Thus, the study area may be at too high an elevation for swallows to breed
without the incentive of a nest box. This is relevant because swallows primarily obtain
food by capturing insects while flying. All of the songbirds considered in the occupancy
models of the current study primarily obtain food by gleaning insects from vegetation or
the ground [52]. Due to these behavioral differences, it is likely that most of the biomass
consumed by swallows is of aquatic origin, i.e., insects that have emerged directly from the
stream [60]. The songbirds detected in 2017 have a more diverse diet that includes spiders,
caterpillars (Lepidopetra larvae), aphids, and some vegetable matter (e.g., [55,61]).

The metal concentrations of non-aquatic avian prey items in the study area are not
known but it is certainly possible that they contain lower metal concentrations than aquatic
invertebrates. Therefore, by eating a variety of invertebrate prey, as well as seeds and
berries, songbirds may be exposed to lower metal concentrations than aerial insectivores
such as swallows. On the other hand, studies have shown that predatory invertebrates
such as spiders are important vectors for the trophic transfer of metal contaminants. For
example, Kraus et al. [62] showed that spiders had higher concentrations of zinc, cop-
per, and cadmium than their aquatic prey. However, because insect emergence decreases
as metal contamination in streams increases, especially for mayflies, the total metal ex-
ported by insects is the lowest at the most contaminated sites [62]. These studies suggest
that understanding avian exposure to contaminants requires a complete picture of the
food chain.

There are many other possible reasons beyond a broad diet that water quality, specifi-
cally elevated metal and REE concentrations in streams and benthic macroinvertebrates,
would have no effect on bird occupancy. First, not all metals are harmful. Of the elements
reported in this study, only Pb and Cd are known to be harmful to birds [28], although data
on the toxicity of rare earth elements are scarce. Metals such as Cu, Fe, Mn, and Zn are
essential or beneficial for birds and are easily metabolized. Additionally, birds may not be
exposed to elevated metals for enough time to feel the effects. Except for the mountain
chickadee, all of the modeled species are migrants that spend at most half a year in the
study area. The winter season could be enough time for birds to metabolize the metals
and remove them from their systems. However, philopatry is common in birds [63], so
it is probable that most individuals return to the same breeding grounds year after year
and are potentially repeatedly exposed to contaminants. Certain species are also arriving
to breeding grounds earlier each year due to changing climate cues at low elevations [64],
meaning that birds could be exposed to contaminants for a longer time, increasing the
chances of a chronic toxicity.

There are also many reasons that birds breeding adjacent to ARD streams could, in fact,
be experiencing negative effects that would not be detectable from occupancy modeling.
For example, Mulvihill et al. [27] found that Louisiana waterthrushes were still present
and breeding along ARD streams, but that their territories had to be larger to account for
the unfavorable habitat quality. In addition, while fecundity was the same at ARD sites
and control sites, birds at ARD sites produced smaller clutches and nestlings grew more
slowly [27]. The point count data obtained in the current study would not have captured
all these effects.

5. Conclusions

In the Colorado Mineral Belt and other mountainous regions worldwide, acid rock
drainage (ARD) has a pervasive and deleterious influence on water quality. In this study,
the uptake of both trace metals and REEs by benthic invertebrates in ARD-impacted streams
was considered as a potential factor influencing the presence of breeding birds in the Snake
River watershed. One important and novel finding is that the concentrations of some REEs
in invertebrates were as high or higher than those for Cd or Pb, which are known toxicants.
Furthermore, the PCA indicated that REE concentrations in invertebrates were aligned
with Pb concentrations in invertebrates. Overall, given the dearth of information about
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REEs in aquatic organisms, further study of the availability and transfer of REEs through
ARD-impacted aquatic ecosystems is warranted.

Another important finding was that dissolved metal and REE concentrations were
not good predictors of concentrations in benthic macroinvertebrates, even when acidic
and pristine sites were considered separately. This lack of a relationship is likely due
to differing exposure and uptake by the resident species of benthic macroinvertebrates.
Furthermore, while the benthic invertebrates present in the ARD-impacted streams did have
high concentrations of metals and REEs in their tissues, this study did not find evidence of
an impact on the presence of riparian songbirds in the watershed, although samples sizes
were small. The broad diet of the songbirds and potentially lower metal concentrations in
the adult invertebrates compared to the aquatic juvenile insects may account for this result.
The monitoring of ARD sites during and after remediation often focuses on the stream
environment [65]. The finding of a limited impact of ARD on riparian birds may be useful
in assessing whether or not monitoring of these sites during remediation of mining impacts
may need to expand to include an evaluation of the metal and REE contents of riparian
birds and other terrestrial wildlife.
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Abstract: Oases, as complex geographical landscapes, are strongly influenced by both natural
variation and human activities. However, they have degenerated because of unplanned land use and
water resource development. The research of oasis changes has mostly discussed single components,
but multiple components, especially spatial changes to oasis vegetation, need further strengthening.
Land use and NDVI were extracted based on Landsat 5/8 and Mod13A3, respectively, and a transfer
matrix was constructed to analyze changes of land use in the Hexi Corridor during 2000–2020. The
significant changes in the area of each land use were also quantified. Combined with regional
temperature and precipitation, interpolated from meteorological data, the correlations between
regional temperature, precipitation, and vegetation coverage were calculated, especially in the
quantized areas with significant associations. The results showed that the area of bare land or desert
decreased, while the areas of agricultural and residential land increased. The normalized difference
NDVI of the studied oases increased at the rate of 0.021 per decade, which was positively related to
precipitation (p < 0.05), rather than temperature; of which, farmland and planted grass land were
55.65% and 33.79% in the significantly increased area. In the area of significant positive relation
between NDVI and precipitation, the ratio of grassland, farmland, and forest was 79.21%, 12.82%,
and 4.06%, respectively. Additionally, changes in oasis vegetation were determined primarily by
agricultural activities, which reflected a combination of natural and anthropic influences.

Keywords: oasis; land use; normalized difference NDVI; climate change; human activities

1. Introduction

An oasis is a small-to-medium-scale landscape maintained by a water supply in an
arid or semi-arid desert area [1]. It is also an unstable ecosystem, with the characteristic of
high habitat fragmentation. In China, oases are mainly distributed in arid and semi-arid
regions to the west of the Helan Mountians, whose area is only 5% of the total. They
support the survival of 90% of people and the economic development of 95% [2]. Therefore,
changes in the ecosystem of oases can have a considerable influence on both ecological
security and sustainable socioeconomic development [3].

The Hexi Corridor in northwestern China, which is a region affected by human
activities, climate change, and tectonic activities [4], is one of the most important, but

Diversity 2022, 14, 370. https://doi.org/10.3390/10.3390/d14050370 https://www.mdpi.com/journal/diversity
153



Diversity 2022, 14, 370

vulnerable, oasis ecosystems in the arid and semi-arid regions of China [5] It has been
reported that the dynamic changing of the oasis area in the Hexi Corridor is closely related
to agricultural industry [6]. Moreover, combining vegetation and soil-related endmembers
time series data can enhance conventional LUCC analysis, to help fully capture land
degradation processes [7]. There is strong negative correlation between the water resource
reserves and the NDVI of the area [8]. In particular, the evolution of an artificial oasis is
closely correlated with human economic activities and the environmental carrying capacity
of oases [9]. Natural factors and human activity controlled the desertification process,
but the reversal of desertification mainly resulted from human activities [10]. In respect
to oases, the socioeconomic development and ecological/environmental coordination
among the different administrative regions within the Hexi Corridor vary greatly [11].
The expansion of cultivated land and unreasonable utilization of groundwater are the
main factors associated with the climatic and environmental degradation of the Hexi
Corridor [12]. The rapid process of urbanization and coordinated urban–rural development
have reduced the ecosystem services of the Hexi Corridor [13]. Remote sensing is an
effective way to extract spatial information, to monitor spatiotemporal variation at a
regional scale. Of which, land-use maps can describe information about land surface
coverage. Thus, this has been mostly used to analyze vegetation change. However, there
is still a need for further investigation of both natural and human influences, especially
in relation to long-term input data. In addition, the more detailed changes at local level
need to be strengthened [14]. Investigation of the ecologic and environmental problems in
the Hexi Corridor, which highlight the importance of natural and human activities as the
driving forces of oasis change, could help boost the sustainable socioeconomic development
of the region.

In this study, Landsat5/TM, Landsat8/OLI, MOD13A3, and PANDA data were used
in combination with regional meteorological observations, to discuss the influence of
climate change and human activities on oasis vegetation in the Hexi Corridor. The changes
in the vegetation of the Hexi Corridor and areas of land use in the fluctuating regions were
quantitated. In addition, DEM, population number, livestock number, settlement number,
and GDP were collected to analyze their influence on oasis change. The findings of this
work improve the understanding of the change mechanisms affecting oasis landscapes and
provide a scientific basis to support policy makers.

2. Materials and Methods

2.1. Overview of the Study Area

The Hexi Corridor, which has a length of 900 km and width of 100 km (Figure 1), is
located in the arid region of northwestern China. It is bordered by Wushaoling to the east,
the Jade Gate to the west, the Qilian and Altun mountains to the south, and the Mazongshan,
Heli, and Longshou mountains to the north. Owing to its temperate continental climate,
annual precipitation is in the range of 40–300 mm, and annual temperature is in the range
of 6.2–9.0 ◦C. It should be noted that annual evaporation exceeds 1500 mm in most areas.
The land use types in this region include farmland, forest, grassland, desert, water bodies,
snow or glaciers, and residential land.

2.2. Data Sources

This study used 30-m spatial resolution Landsat5/TM data acquired in 2000, Land-
sat8/OLI data acquired in 2020, and MOD13A3 data acquired during 2000–2020, which
were sourced from both the Aerospace Information Research Institute of the Chinese
Academy of Sciences (www.aircas.cas.cn, accessed on 1 February 2021) and the National
Aeronautics and Space Administration (www.nasa.gov, accessed on 1 February 2021). Addi-
tionally, 1-km spatial resolution PANDA data acquired during 2000–2020 were provided by
the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn, accessed on 1 May 2021).
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Figure 1. Location of meteorological stations and DEM information in the study area.

To analyze the regional climate change, daily temperature and precipitation data
recorded during 2000–2020, at 19 meteorological stations in the Hexi Corridor, were
obtained from the Gansu Meteorological Bureau (http://cdc.cma.gov.cn/, accessed on
1 February 2021).

Digital elevation model data with a 30-m spatial resolution (ASTER GDEM V3) were
sourced from the Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 1 May
2021), which is a product of jointly developed by Japan’s METI and US NASA.

2.3. Research Methods

The data processing and analysis flow are displayed in Figure 2.

2.3.1. Analysis of Land Use Types

Classification of the land use in the Hexi Corridor was performed on the basis of the
Landsat5/TM, Landsat8/OLI, and digital elevation model data. The original images were
first preprocessed, by means of orthophoto correction, geometric correction, radiometric
calibration, atmospheric correction, mosaic and clipping, cloud removal, and shadow
processing. Generally, machine-learning approaches, hybrid methods, fuzzy theory, and
other methods were the means of obtaining land use information. On the basis of the
landscape classification system, supervised classification and manual correction were used
to categorize the land use in the Hexi Corridor during 2000–2020 into the following types:
farmland, forest, grassland, residential land, bare land or desert, water bodies, and snow
or glaciers. Three hundred random samples were extracted to validate the classification
of two different images, whose interpretation matched reality, with total accuracies and
Kappa coefficients of 87.67% and 0.857 in 2000, and 89.33% and 0.872 in 2020.

A transition matrix can depict in detail the spatial structure and transformation direc-
tion of different land use types for different time sequences. This facilitates an accurate
understanding of the direction of change of the type, structure, and distribution ratio of
land use [15]. The land use classification of the Hexi Corridor during 2000–2020 underwent
data fusion, and then an intersection analysis was performed to obtain the transition data
for each land use type, to create a land type transition matrix of the overlapping areas.
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Figure 2. Data processing and analysis flow chart.

2.3.2. Index of Landscape Pattern Indexes

To investigate the changes of landscape pattern over the past 21 years, number of
patches (NP), mean patch area (AREA), landscape shape index (LSI), aggregation index (AI),
Shannon’s diversity index (SHDI), and contagion index (CONTAG) were calculated [16].

2.3.3. NDVI Change Trend Analysis

The maximum value composite method was used to maximize the bimonthly synthetic
standard vegetation index, and to obtain annual normalized difference vegetation indexes
(NDVIs). Then, following removal of zero and negative values, the annual NDVIs for
different vegetation types were obtained by overlaying vegetation maps.

A linear regression analysis was conducted, to simulate the spatial variation of the
annual NDVIs for the different vegetation types in the target area [17,18]. The calculation
formula can be expressed as follows:

θslope =
n × ∑n

j=1 j × NDVIj − ∑n
j=1 j ∑n

j=1 NDVI

n × ∑n
j=1 j2(∑n

j=1 j)2 (1)

where n refers to the cumulative number of monitored years, NDVIj is the NDVI per year in
year j, and θslope signifies the slope of the trend line. A value of θslope > 0 (θslope < 0) indicates
that the trend of the NDVI change over n years is increasing (decreasing).

The Theil–Sen Median and Mann–Kendall test were combined to perform a long-term
sequence analysis of vegetation change [19–21]. The Mann–Kendall test has been effectively
applied in temporal sequence analyses in the fields of hydrology and meteorology. The
Theil–Sen median can be used to assess whether temporal sequence data show an upward
or downward trend [22,23]. The median of the slope in n (n − 1)/2 data combinations was
calculated in the trend analysis. The calculation formula can be expressed as follows:

SNDVI = Median
NDVIj − NDVIi

j − i
, (2)
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where 2000 ≤ i < j ≤ 2020. A value of SNDVI > 0 (SNDVI < 0) indicates that the NDVI is
increasing (decreasing).

When an NDVI is tested using the Mann–Kendall test, the NDVI of a certain temporal
sequence is regarded as a set of independently distributed sample data, and parameter Z
serves as the attenuation index of the NDVI pixel. The calculation formula can be expressed
as follows:

Z =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

S−1√
s(S)

, S > 0

0, S = 0
S+1√

s(S)
, S < 0

, (3)

S = ∑n−1
j=1 ∑n

i=j+1 Sgn
(

NDVIj − NDVIi
)
, (4)

Sgn(NDVIj − NDVIi) =

⎧⎨
⎩

1, NDVIj − NDVIi > 0
0, NDVIj − NDVIi = 0,
−1, NDVIj − NDVIi < 0

(5)

S(s) =
n(n − 1)(2n + 5)

18
. (6)

In Equations (3)–(6), NDVIi and NDVIj represent the NDVI for years i and j, respec-
tively, n represents the length of the time sequence, and Sgn is a symbolic function. The
value range of statistic Z is [−∞, ∞]. At a given significance level α, values of |Z| > u1−α/2
indicate significant change in the studied sequence at the α level. u is a statistic. Here,
Z = ±2.58 is the significance level of α = 0.01, Z = ±0.96 is the significance level of α = 0.05,
and Z = ±1.65 is the significance level of α = 0.10. In this study, a significance level of
α = 0.05 was taken to assess the significance of the transformation trend of the NDVI
time sequence.

2.3.4. Correlation Analysis

The correlation coefficient between the NDVIs and the climate factors based on a pixel
was calculated, as follows:

Rxy =
∑n

i=1(xi − x)(yi − y)√
∑n

i=1(xi − x)2·
√

∑n
i=1(yi − y)2

, (7)

where variable i represents the annual serial number, n is assigned the value of 21, xi
represents NDVI data for the i-th year, yi is the climate factor for the i-th year, x and y are
the mean values of variables x and y, respectively, and Rxy is the correlation coefficient
between the NDVI and the climate factors. The Mann–Kendall test was used to assess
the significance of Rxy and to determine its positive and negative correlation thresholds.
The analysis was based on the correlation between the annual NDVI, precipitation, and
temperature of each pixel.

3. Results and Analysis

3.1. Land Use and Land Cover Change Analysis

As shown in Figure 3, during the study period, snow cover and glaciers were primarily
concentrated in high-elevation regions (>3500 m) in the Qilian Mountains. Water bodies
included three inland rivers and a number of reservoirs. Forest mainly occupied areas at
elevations of 2300–3300 m in the Qilian Mountains. Farmland was mainly distributed in
the surroundings of the middle and lower reaches of the rivers. Grassland was divided
into natural grassland and artificially planted grassland; the former was located primarily
in upstream regions, while the latter was located in middle and lower parts of the river
basins. Bare land or desert land covered the largest area in the Hexi Corridor. From 2000 to
2020, the area of land use change was 6.87% of total area.
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Figure 3. Land use in the Hexi Corridor: (a) 2000, (b) 2020 and (c) changed area.

Table 1 presents a transformation matrix of land use change in the Hexi Corridor
from 2000 to 2020, showing the percentage of the area occupied by each land use type.
In 2000, the areas of bare land or desert, grassland, farmland, and forest accounted for
68.08%, 21.60%, 5.75%, and 3.05% of the total area, respectively, whereas the area of water
bodies, residential land, and snow or glaciers accounted for 0.59%, 0.47%, and 0.46% of the
total area, respectively (Table 1). In comparison with 2000, the areas of bare land or desert,
grassland, forest, and snow or glaciers in 2020 had decreased to 67.28%, 21.50%, 3.04%,
and 0.45% of the total area, respectively; whereas the areas of farmland, residential land,
and water bodies had increased to 6.40%, 0.68%, and 0.64% of the total area, respectively.
The increases in the area of farmland and residential land represent changes of 0.65% and
0.21%, respectively, whereas the decrease in the area of bare land or desert represents a
change of 0.8%. Over the past 21 years, 1.73% of the total area of the Hexi Corridor has
been converted from bare land or desert to grassland, while 1.69% of the total area has been
converted from grassland to bare land or desert, 0.64% of the total area has been converted
from bare land or desert to farmland, and 0.17% of the total area has been converted from
farmland to bare land or desert. The interconversion between bare land or desert and forest
was equivalent.
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Table 1. Transfer matrix of land use types in the oases of the Hexi Corridor from 2000 to 2020.

Land Types Farm Land Forest Grassland
Water
Bodies

Snow or
Glaciers

Residential
Land

Bare Land
or Desert

The Total
Area

Farm land 5.05 0.06 0.50 0.03 0.00 0.12 0.64 6.40
Forest 0.04 2.53 0.37 0.01 0.00 0.00 0.09 3.04

Grassland 0.30 0.36 19.06 0.05 0.00 0.01 1.73 21.50
Water bodies 0.03 0.01 0.05 0.46 0.00 0.00 0.09 0.64

Snow or glaciers 0.00 0.00 0.00 0.00 0.40 0.00 0.05 0.45
Residential land 0.16 0.00 0.04 0.00 0.00 0.32 0.17 0.68

Bare land or desert 0.17 0.09 1.59 0.04 0.06 0.02 65.32 67.28
The total area 5.75 3.05 21.60 0.59 0.46 0.47 68.08 100

As shown in Table 2, the total NP increased by 15.86, but AREA decreased by 13.69%.
Taken together, considering the increase of LSI and SHDI, and the decrease of AI and CON-
TAG, it can be concluded that the connectivity of different landscape patches decreased,
indicating an obvious landscape fragmentation.

Table 2. Landscape pattern index of the entire Hexi Corridor.

Year NP AREA LSI AI SHDI CONTAG

2000 60,765 4.5492 142.6742 98.0313 1.3587 77.6839
2020 70,406 3.9263 145.2059 97.9960 1.3634 77.5832

3.2. Characteristics of Vegetation Patterns and Analysis of Vegetation Dynamics in the
Hexi Corridor

Given that the NDVI can reflect the overall condition of regional vegetation, the
spatiotemporal distributions of annual maximum NDVIs during 2000–2020 were analyzed
(Figure 4). The results ranged from 0 to 0.859, and the average value over the 21-year
study period was 0.168. Overall, the annual maximum NDVIs increased with time, and
the minimum and maximum values appeared in 2001 and 2019, respectively. In 2010,
the annual NDVI increased to the mean state during 2000–2020, indicating improved
conditions for vegetation growth in the Hexi Corridor. However, clear regional differences
were evident. The highest NDVI values were distributed in the southeast, and the lowest
values were found in the northwest. The highest annual average and maximum NDVI
values were found in the Qilian Mountains in the southeast of the Hexi Corridor, while the
lowest annual average and maximum NDVI values were found in the desert of Jiuquan,
which might reflect climatic influences, especially that of precipitation.

Figure 4. Spatiotemporal distribution of growing season NDVI during 2000–2020.
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The land use of regions with higher annual average and maximum NDVI values
mainly comprised forest, grassland, and farmland, whereas that of the areas with lower
NDVI values was mainly desert vegetation. Over the 21-year study period, the average
NDVI of forest, grassland, farmland, bare land, and desert was 0.618, 0.486, 0.515, and
0.112, respectively, indicating that the environment for vegetation growth was better in
forest, farmland, and grassland areas than in desert areas.

3.3. Quantitative Analysis of Driving Factors of Interannual Variation of NDVI in the
Hexi Corridor
3.3.1. Spatial Patterns of Climatic Effects on Vegetation Changes

The meteorological data were gridded using multivariate regression analysis and
Kriging interpolation [24], then used to calculate the correlation with NDVI.

As shown in Figure 5a, except for bare land or desert areas, there was positive corre-
lation between the NDVI and precipitation. Specifically, 41.36% of oasis vegetation areas
were correlated positively (p < 0.05), of which 13.02% was significant at the 0.01 level. The
areas of positive correlation included grassland (79.21%), farmland (12.82%), and forest
(4.06%), distributed mainly in the south of Wuwei and Jiuquan counties, to the west of
Jinchang, and in the Qilian Mountains. A potential reason for this is that the increasing
growth of farmland and grassland vegetation in this area, together with the amount of
precipitation, had a substantial impact on the regional NDVI. Only 0.03% of areas had a
negative correlation.

Figure 5. Correlation analysis of NDVI and (a) precipitation and (b) temperature changes in the Hexi
Corridor during 2000–2020.

In terms of the temperature effect (Figure 5b), 5.38% of oasis vegetation areas were
correlated negatively (p < 0.05), of which 1.65% was significant at the 0.01 level. The areas
of negative correlation were bare land and desert (53.23%), grassland (29.2%), and farmland
(16.76%); mainly distributed in the northwest of Minqin, the southeast of Zhangye, and the
southwest of Jiuquan. This demonstrated that the vegetation change over the entire region
was affected more by precipitation than by temperature.

3.3.2. Effects of Topographic Factors on Spatial Patterns of Vegetation Changes

The changes of vegetation at the different elevations during 2000–2020 were discussed
based on DEM data. Overall, the NDVI presented an upward trend, but with obvious
spatial heterogeneity (Figure 6). For 5.66% of the total area, the NDVI increased significantly
(p < 0.05), of which 1.85% was significant at the 0.01 level. For 1.1% of the total area, the
NDVI decreased significantly (p < 0.05), of which 0.21% was significant at the 0.01 level.
Generally, the NDVI increased at the edges of the Hexi Corridor oases, while it decreased
in southern parts of the city of Dunhuang, central parts of the city of Zhangye, and central
parts of Wuwei and Minqin counties. As for the analysis of land use type, 55.65% and
33.79% of the increasing NDVI areas were farmland and planted grassland, while 73.05%
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and 13.84% of the decreasing NDVI areas were farmland and building land. The changes to
NDVI were in flat areas with >3000 m and <2000 m, but fluctuated greatly in the anthropic
area from 2000 to 3000 m. Overall, this was mainly influenced by human activities.

Figure 6. Trend of the NDVI in the Hexi Corridor during 2000–2020.

4. Discussion

4.1. Effects of Climatic Factors on Vegetation Growth

Vegetation growth was found to be strongly correlated with climatic factors, and their
interaction was the main focus, regarding global climate change [25–27]. A normalized
difference vegetation index (NDVI) could be used to monitor and estimate vegetation
activities over different spatiotemporal scales, without damaging or altering vegetation [28].
Considering the differences in the responses of vegetation to climate variability under
various eco-environmental conditions [29], in the Hexi Corridor, the response of the NDVI
to climate change exhibited a large disparity spatially, especially for different vegetation
types. In this study, grassland and farmland showed a more obvious response than other
vegetation types to changes in precipitation, consistent with the results of other studies in
this area [30,31]. A negative impact of temperature on vegetation growth mainly occurred
in relation to bare land and desert, as well as marginal artificial grassland, attributable to
the increasing evaporation associated with warming [32].

4.2. Effects of Human Activates on Vegetation Growth

The spatiotemporal change of land use in the Hexi Corridor was found to be closely
related to local population growth and economic development. The area of artificial oases
was shown to be positively correlated with population number in [33]. According to
the data of the Gansu Statistical Yearbook, the figures for the permanent population and
settlement changed from 4.66 million with a settlement of 5641 in 2000, to 4.91 million
with settlement of 6864 in 2020; while the GDP changed from 25.68 billion to 217.91 billion
in the oases of the Hexi Corridor. Meanwhile, the night light index was also increased
from 12.62 to 49.5 (Figure 7). However, human factors, such as population changes and
increased cultivation of land, appear to have been stronger driving forces, which were
directly responsible for the changes in desertification [10]. For example, areas of forest and
grassland surrounding farmland were converted to farmland, to meet increasing demand,
resulting in serious destruction of the ecological environment, such as soil loosening
and increased wind erosion. One mitigation measure adopted to improve the ecological
environment was the step-by-step return of farmland to forest, whilst maintaining forest–
grassland conservation [34]. The change in forest area was affected by both human and
natural factors, of which logging for new housing and overexploitation of groundwater
resources were the main factors responsible for the 0.01% reduction in forest area [35].
Meanwhile, the 0.1% decrease in grassland area was primarily ascribed to overgrazing,
owing to the annual increase of livestock supporting capacity and economic development
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needs (according to the Statistical Yearbook of Gansu Province, the livestock numbers in the
Hexi Corridor increased from 9.29 million in 2000 to 14.65 million in 2020) [36]. This caused
a series of environmental problems and destroyed regional biodiversity. Overgrazing has
extensively degraded Chinese grasslands. A reduction in the stocking rate, of 30–50%
below the district averages, is required to increase the profitability of livestock production
and protect vital ecosystem services. Additionally, short-time exclusions from grazing in a
degraded desert have great potential to restore vegetation and soil properties [37].

Figure 7. Night light index and residential areas of the Hexi Corridor in (a) 2000 and (b) 2020.

Further analysis of the spatial distribution of NDVI change associated with the differ-
ent vegetation types indicated that vegetation (or crop) growth increased in grassland and
farmland areas, was relatively stable in forest areas, but decreased slightly in bare land and
desert areas. In other regions, vegetation growth exhibited no obvious changes. Under the
background of global warming, the vegetation growth in the Hexi Corridor has increased,
while the area of farmland, especially that involved in crop growth, has increased since
2007, because the high consumption of water for agricultural production in the middle and
lower areas of the river basins has been effectively constrained by governmental control
of water resources. Correspondingly, the downstream bare land and desert vegetation
presented a slight increase during the study period.

Human activities have had a positive impact on vegetation productivity in the Hexi
Corridor, mainly in the oasis areas, which primarily reflects artificial irrigation, fertilization,
and other management measures [38]. Irrigation water productivity and food production
should be improved through promoting water-saving irrigation technology, maintaining
the current use of fertilization, agricultural films and agricultural pesticides, and improving
the use efficiencies of agronomic inputs, instead of increasing their amount [39]. On the
basis of vegetation change, PANDA night light data, and land use type, the relationship
between the changes in oasis vegetation and human activities has been discussed. The
results showed that the dynamic changes of oases in the Hexi Corridor were influenced
mainly by agricultural activities, supplemented by the effects of natural factors, which is in
accord with other similar regions [40–43].

5. Conclusions

Changes in land use and vegetation are the direct outcome of interactions between
human activities and the natural environment. The spatial pattern of land use change
represents the intensity and mode of the human–land relationships at different region
scales. On the basis of the analysis of land use types in the Hexi Corridor, this study found
that the area of certain land use types (i.e., bare land or desert, grassland, forest, and snow
or glaciers) decreased from 2000 to 2020, while the areas of farmland, residential land, and
water bodies increased.
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Generally, vegetation growth improved continuously during 2000–2020; however,
there were obvious regional differences, i.e., the highest (lowest) values of growth were
found in the southeast (northwest) of the region. In the area of marked increasing NDVI,
farm land and planted grass land were 55.65% and 33.79%, respectively. In the area
of marked increasing NDVI, farm land and construction land were 73.05% and 13.84%,
respectively. Vegetation changes at different elevations fluctuated more in the areas with
frequent human activities.

Changes in vegetation were more affected by precipitation than by temperature;
41.36% of oasis change had a marked positive correlated with precipitation, while 5.38%
of oasis change was negatively correlated with temperature. Based on the analysis of the
statistics of the Gansu Statistical Yearbook, settlement numbers, and night light index, it
was determined that human activities have gradually come to dominate the NDVI changes
in farmland, residential land, and artificial grassland areas.

In China, a number of policies were implemented to improve the ecological environ-
ment in oases, whose effect was evaluated by means of remote sensing. The findings of
this study highlight the great importance of enhancing the protection and management of
existing areas of grassland and forest around bare land or desert areas, by means of both
rational use of water resources, and strengthening awareness of ecological protection.
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Abstract: As the roof of the world, the Mt. Qomolangma National Nature Reserve and adjacent
regions have a fragile environment and are very sensitive to global climate change. Based on the
MODIS and SPOT remote sensing data during 2000–2018, we aimed to explore the change trend
and driving factors of grassland in this area under the dual influence of climate change and human
activities. Here, temperature and precipitation data were enrolled as the main indicators of climate
change, while the number of livestock at the end of the year was regarded as the key indicator of
grazing. The results showed that: (1) during 2000–2018, the grassland NDVI reflected an overall
increasing trend, and the impact of precipitation was more significant than those of temperature and
grazing at both pixel and county levels; (2) probably due to the large population and high grazing
intensity, the grassland NDVI in Tingri County was controlled by both precipitation and grazing. In
general, precipitation exerts a greater impact on the NDVI changes since this region is characterized
by arid and semiarid climates. In some areas, vegetation growth is simultaneously affected by both
grazing and climate factors due to the relatively greater pressure of grazing. In the context of future
warming, control of the number of tourists for Mt. Qomolangma, as well as that of livestock in
Tingri County, will help improve sustainability development and to reduce the adverse effects of
grassland degradation.

Keywords: grazing; alpine shrub steppe; climate change; Mt. Qomolangma Nature Preserve

1. Introduction

The impact of climate change on terrestrial vegetation growth and its mechanism
are important issues in the field of global change research. A large number of studies
have proven that global climate change is an important driving factor for changes in
terrestrial vegetation in recent decades [1–3]. For the Tibetan Plateau, it is generally
believed that simultaneous increases in temperature and precipitation will be beneficial
to alpine vegetation growth [4–6]. However, the sensitivity of vegetation productivity to
temperature changes at the beginning of this century has declined, and climate warming
during nongrowing seasons is considered as one of the main reasons [7]. Climate warming
in the nongrowing seasons is not conducive to the preservation of snow in winter, and to
a certain extent, it affects vegetation growth indirectly by affecting the water supply in
the early growing season [8]. Another study found that temperature increases are likely
to affect the plant growth of alpine grassland by changing the forms of precipitation at
the beginning of the growing season [9]. In the context of climate change, compared
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with temperature, although the changes in precipitation are not necessarily the main
limiting factor for the variations in the normalized difference vegetation index (NDVI) on
the Tibetan Plateau [10], changes in moisture caused by temperature (such as increased
evaporation) are likely to affect vegetation growth. In addition, the effects of temperature
and precipitation on the NDVI of the Tibetan Plateau vary significantly depending on the
seasons and regions [11,12]. Therefore, to explore the impact of climate change on alpine
grasslands, we need to fully consider the temporal and spatial changes in temperature and
precipitation.

The Tibetan Plateau is one of the main pastoral areas in China, and long-term grazing
activities have a dual impact on the grassland of the plateau. On the one hand, grazing
affects vegetation biomass and soil compactness through gnawing and trampling [13]. On
the other hand, grazing may stimulate plant growth [14] and improve soil fertility through
manure [15]. Therefore, it seems that the grazing intensity determines the effect on alpine
grassland to a large extent, and the influence of grazing activities on the vegetation in
pastoral areas may vary with the grazing density and the length of the grazing period.
Exploring a reasonable grazing intensity is a key issue for vegetation protection and
sustainable use of forage; however, the related research is still controversial. For example,
Zhang et al. (2015) and Lehnert et al. (2016) pointed out that climate is the main controlling
factor for changes in alpine grassland ecosystems on the Tibetan Plateau [16,17]. However,
Pan et al. (2017) believed that the nonclimatic factors from 1982 to 2013 were responsible
for the changes in the alpine grassland on the plateau [18].

As an important national barrier for ecological security and the Asia Tower [19], the
Tibetan Plateau plays a unique role in protecting the ecological security of China and even
Southeast Asia. However, under the background of global climate change and increasing
human activities, the function of the national barrier for ecological security on the Tibetan
Plateau is facing serious threats and challenges. The Mt. Qomolangma National Nature
Reserve and the seven surrounding counties of Zhongba, Saga, Gyirong, Nyalam, Tingri,
Dinggye, and Ngamring, belonging to the Tingri Ecological Observation Station of the
Ecology and Environment Bureau in Tibet, are an important ecosystem type on the Tibetan
Plateau. The protection of grassland resources is an important part of the construction of
ecological security barrier in Tibet [20]. According to the 1:1,000,000 Vegetation Atlas of
China [21], the forest, shrub, and grassland in the Mt. Qomolangma National Nature Re-
serve and adjacent regions accounted for 0.66%, 3.80%, and 68.15%, respectively. According
to statistical data, the available grassland area in this region is approximately 82,800 km2,
of which degraded grassland accounts for approximately 42% [22]. Additionally, grassland
degradation poses important challenges to the protection and construction of regional
ecological security barriers. In this study, based on MODIS (Moderate Resolution Imaging
Spectroradiometer) and SPOT (Systeme Probatoire d’Observation de la Terre) remote sens-
ing data, the temperature and precipitation data, and the data of the number of livestock
during 2000–2018 in Mt. Qomolangma National Nature Reserve and adjacent regions, we
aimed to (1) illustrate the temporal and spatial patterns of grassland NDVI and (2) disclose
the relative effects of climate change and grazing on NDVI changes. Here, temperature and
precipitation were regarded as the main indicators of climate change and the number of
livestock at the end of the year as the key indicators of grazing.

2. Materials and Methods

2.1. Study Area

The Mt. Qomolangma National Nature Reserve and adjacent regions (27.70◦ N–31.90◦ N;
82.10◦ E–88.40◦ E) are located in the south Tibetan Plateau, including the seven counties of
Zhongba, Saga, Gyirong, Nyalam, Tingri, Dinggye, and Ngamring (Figure 1). This area is
located between the middle section of the Himalayas and the Gangdise Mountains. The
terrain is high in the north and south, with the Yarlung Zangbo River passing between. The
middle part is, therefore, characterized by wide valleys and alluvial plains. The landform
types are complex and diverse, and the climate exhibits cold and dry conditions. Based
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on the long-term meteorological observations (1967–2019) at Dingri station (a.s.l., 4300 m),
the mean annual, January, and July air temperature and annual rainfall were 3.08, −5.84,
11.69 ◦C, and 286 mm, respectively [23]. Alpine grassland (mainly comprising alpine
meadow and alpine steppe) is the main land-cover type (Figure 1). The common species in
alpine steppe contain Stipa purpurea, Lasiocaryum densiflorum, Artemisia wellbyi, Incarvillea
compacta, and Androsace tapete, while those in alpine meadow include Kobresia pygmaea,
Potentilla bifurca, Lancea tibetica, Arenaria bryophylla, Leontopodium pusillum, and Gentian
sp. The Mt. Qomolangma National Nature Reserve and adjacent regions have an area of
approximately 87,600 km2, where usable grassland area covers 82,800 km2. The areas of
lightly degraded, moderately degraded, and severely degraded grassland of the study area
are 23,400; 10,400; and 33,300 km2, respectively, accounting for 26.71%, 11.93%, and 3.78%
of the total grassland area, respectively [22].

Figure 1. The location and vegetation types of the study area. The map was created using ESRI
ArcMap 10.7 software; the topographic base of the map was created with National Catalogue Service
For Geographic Information data (https://www.webmap.cn, figure number: GS(2016)2556); the
vegetation map source from the CASEarth Data Sharing and Service Portal (http://data.casearth.cn,
accessed on 19 December 2018).

2.2. Data Processing

In this study, alpine meadow and steppe in this region were selected as the research
object by using the Vegetation Atlas of China (1:1,000,000). Two NDVI datasets were
used, including SPOT NDVI from the Resources and Environment Science and Data
Center of the Chinese Academy of Sciences, and MODIS NDVI from the NASA website
(MOD13A3 datasets). The spatial resolution of the two types of NDVI is 1 km, with the
same time interval of 2000–2018. The maximum NDVI during the growing season (May
to September) was used in this study. Temperature and precipitation datasets during
the early plant-growing season of 2000–2018 were downloaded from the National Tibetan
Plateau Data Center (http://data.tpdc.ac.cn, accessed on 20 July 2019). Considering that the
maximum NDVI generally occurs at the peak of the plant-growing season (early August),
the climatic conditions in the early growing season (May to July) are critical for vegetation
growth [24,25]. Therefore, the precipitation (GSP) and average temperature (GST) of the
early growing season were selected, and the spatial resolution was 0.1◦ × 0.1◦. The number
of livestock (LN) during 2000–2018 in each county of the study area can be found in the
National Tibetan Plateau Data Center and Tibet Statistical Yearbook (www.shujuku.org,
accessed on 12 February 2020). The absolute numbers of different animals were converted to
standard sheep units (SU) [26]. The vector data, such as administrative divisions used in this
study, are from the National Catalog Service for Geographic Information. The population
data of the study area were obtained from the National Tibetan Plateau Data Center.
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2.3. Analysis of NDVI Interannual Change Trend

A linear regression method was used to detect the interannual changes in the vegeta-
tion index [27]. The least square method was used to calculate the regression coefficient,
namely, the interannual variation trend of NDVI, as follows:

θslope =
n × ∑n

i=1 i × NDVIi − ∑n
i=1 i ∑n

i=1 NDVIi

n × ∑n
i=1 i2 − (∑n

i=1 i)2 (1)

where θslope refers to the interannual trend in NDVI, n is the number of years simulated,
and NDVIi is the NDVI value of the ith year. We determined the significance of variation
(significant change or no significant change) via T-tests to calculate confidence levels.

2.4. Correlation Analysis between NDVI and Main Influencing Factors

Correlation coefficient calculations and significance tests were used to detect the
relationship between grassland growth change and climate change in the study area. The
partial correlation method was further used to analyze the relative impact of grazing and
climate change on NDVI changes. The mathematical expression of the Pearson correlation
coefficient is:

RX NDVI =
n × ∑n

i=1 Xi × NDVIi − ∑n
i=1 X i × ∑n

i=1 NDVIi√
n × ∑n

i=1 Xi
2 − (∑n

i=1 Xi)
2 ×

√
n × ∑n

i=1 NDVIi
2− (∑n

i=1 NDVIi)
2

(2)

where R refers to the correlation coefficient, n is the number of years simulated, and X and
NDVI are independent and dependent variables, respectively. Based on the NDVI during
2000–2018 and the corresponding temperature and precipitation, this study analyzed the
correlation between NDVI and the main climatic factors in the study area, and conducted a
significance test. When there are only three variables, a simple correlation coefficient can
be used to indirectly calculate the partial correlation coefficient. Setting the three variables
as LN, GST, and NDVI, and when LN remains constant, the partial correlation coefficients
of GST and NDVI are:

RNDVI GST =
RNDVI GST − RGST LN × RNDVI LN√
(1 − R 2

GST LN)×
(

1 − R2
NDVI LN

) (3)

where RNDVI GST refers to the partial correlation coefficient of NDVI and GST when LN is
fixed, and where RNDVI SPEI, RNDVI LN, and RGST LN are the correlation coefficients of NDVI
and GST, NDVI and LN, and GST and LN, respectively.

2.5. RESTREND Analysis

The residual trend (RESTREND) method is based on the hypothesis that vegetation
growth is determined by climate change. After removing the climate influence, the human-
induced vegetation change could thus be identified [28,29]. The trends in NDVI residuals
(NDVIH = NDVIP − NDVIA) between the observed (NDVIA) and the predicted values
(NDVIP) were calculated at a 0.1◦ × 0.1◦ pixel level. NDVIA is applied to regress against
GST and GSP to generate a statistical model which is then used to compute NDVIP at each
pixel [30–32]. More details can be found in Li et al. (2012) [30] and Cai et al. (2015) [32].
Table 1 shows the relative effects of climate change (SlopeNDVIP) and human activities
(SlopeNDVIH) on grassland change (SlopeNDVIA) in six different scenarios [33]. For exam-
ple, in the first scenario, an increasing trend in NDVIA and a declining trend in NDVIP
result in a decreasing NDVIH, which means that human activity mainly determines the
NDVIA increase.
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Table 1. Evaluation methods of climate change and human activities on grassland dynamics under
six possible scenarios.

Scenario SlopeNDVIA SlopeNDVIP SlopeNDVIH Description

1 + − − Human activity contributes to
grassland NDVIA increase

2 + + −
Both climate change and human

activity contribute to
NDVIA increase

3 + + + Climate change contributes to
grassland NDVIA increase

4 − + + Human activity contributes to
grassland NDVIA decrease

5 − − +
Both climate change and human

activity contribute to
NDVIA decrease

6 − − − Climate change contributes to
grassland NDVIA decrease

2.6. Statistical Analysis

The annual variations of NDVI and corresponding climatic factors and the relation-
ships between NDVI and climatic factors were fixed by simple linear correlations. Partial
correlations between NDVI and climatic factors of GSP and GST were analyzed at a pixel
scale. Since LN data were only available for each county, we applied partial correlation
between NDVI and GSP, GST, and LN at a county scale. All statistical analyses were per-
formed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA), and spatial analysis was performed
using ArcGIS 10.7 for Desktop. Further, the relative effects of climate change and human
activities on NDVI changes were detected by the RESTREND method described above.

3. Results

3.1. Interannual Variations in Grassland NDVI during 2000–2018

Both MODIS NDVI and SPOT NDVI data indicate that the grassland NDVI in the
study area increased significantly during 2000–2018 (Figure 2a, MODIS, R2 = 0.28, p = 0.02;
SPOT, R2 = 0.33, P = 0.01). The mean NDVI values were approximately 0.23 during the last
19 years, with their maximum in 2013 and minimum in 2002 or 2009. Figure 2b shows that
the MODIS NDVI is highly correlated with the SPOT NDVI in the study area (R2 = 0.99,
P = 0.00), indicating that the two datasets can be verified by each other. In view of their high
correlation, we only present the results based on MODIS NDVI analysis in the following
section.

Figure 2. (a) Interannual variations in MODIS NDVI and SPOT NDVI and (b) their relationships.
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3.2. Variations in Climatic Factors and the Number of Livestock and Their Relationships
with NDVI

In this area, GST (Figure 3a, R2 = 0.02, P = 0.55) and GSP (Figure 3b, R2 = 0.03, P = 0.52)
did not vary during 2000–2018. However, LN reflected a significant decreasing trend
(Figure 3c, R2 = 0.56, P = 0.00), especially after 2008.

Figure 3. Interannual variations in (a) GST, (b) GSP, and (c) LN.

Pearson correlation analysis showed that NDVI was not correlated with GST (Figure 4a,
R2 = 0.02, P = 0.57) but was positively related to GSP (Figure 4b, R2 = 0.35, P = 0.01) and
negatively correlated with LN (Figure 4c, R2 = 0.23, P = 0.04).

Figure 4. The relationships between NDVI and (a) GST, (b) GSP, and (c) LN.

3.3. Relative Effects of Climate Factors and Grazing on Grassland NDVI

At the pixel level, NDVI was more closely related with GSP than with GST. There
were 22.31% pixels showing significantly positive partial correlations between NDVI and
GSP (Figure 5a), but only 5.42% reflecting significantly positive correlations between NDVI
and GST (Figure 5b). Additionally, the partial correlation coefficients between NDVI and
GSP showed substantial spatial variations, and those area affected by GSP were mainly
distributed in the center part, i.e., Saga and Ngamring.

At the regional level, the partial correlation analysis showed that NDVI variations for
most counties in this area were mainly affected by the climatic factor of precipitation, and
only that in Tingri County were mediated by both climate and grazing (Figure 6). Among
the six counties affected by climate factors, the NDVI for Dinggye County was mainly
controlled by GST, while the other five were generally affected by GSP.
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Figure 5. Spatial distribution of the partial correlation coefficients between NDVI and (a) GSP, and
(b) GST. Different colors indicate the classes of partial correlation coefficients. Different symbols
denote significant levels: * p < 0.05; # 0.05 < p < 0.10; ns, not significant. The map was created using
ESRI ArcMap 10.7 software; the topographic base of the map was created with National Catalogue
Service For Geographic Information data (https://www.webmap.cn, figure number: GS(2016)2556).

Figure 6. Main drivers of NDVI change in the seven counties of the study area. Different symbols
indicate the different significant levels (* p < 0.05; # 0.05 < p < 0.10) according to the partial correlation
coefficients. The map was created using ESRI ArcMap 10.7 software; the topographic base of
the map was created with National Catalogue Service For Geographic Information data (https:
//www.webmap.cn, figure number: GS(2016)2556).

The RESTREND analysis, as shown by Figure 7, further indicated that the area showing
increasing NDVI accounted for 63.22% of the study area, in which 32.17% was due to climate
change, 24.80% was due to human activities, and 6.25% was due to both climate change
and human activities. The reason for the NDVI increase by human activities might be
mainly due to the implementation of an ecological restoration project (Grazing Withdrawal
Program). For the area (36.78%) depicting decreasing NDVI, 21.62% was due to human
activities, 12.30% due to climate change, and 2.87% due to both climate change and human
activities. The reason for the NDVI decrease by human activities could be mainly due to
overgrazing (e.g., Tingri County).
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Figure 7. Relative effects of climate change and human activities on NDVI changes in the Mt. Qo-
molangma Nature Reserve and adjacent regions during 2000–2018. HI denotes human-activity-
induced NDVI increase; HPI denotes both climate-change and human-activity-induced NDVI in-
crease; PI denotes climate-change-induced NDVI increase; HD denotes NDVI decrease induced by
human activities; HPD denotes NDVI decrease induced by both climate change and human activities;
and PD denotes NDVI decrease induced by climate change. The map was created using ESRI ArcMap
10.7 software; the topographic base of the map was created with National Catalogue Service For
Geographic Information data (https://www.webmap.cn, figure number: GS(2016)2556).

4. Discussion

The Tibetan Plateau has an average altitude of more than 4000 m and is characterized
as a typical alpine ecosystem. Therefore, low temperature is generally considered to be
a key factor restricting plant growth in this area [6,10]. However, in arid western Tibet,
precipitation is considered to be a more important limiting factor than temperature [34].
Synthesizing the results of Pearson correlation and partial correlation analysis, we found
that the variations in grassland NDVI in the Mt. Qomolangma National Nature Reserve
and adjacent regions are mainly affected by climatic factors, especially precipitation. This
is consistent with existing studies. For example, based on an analysis of the net primary
productivity (NPP) of grassland vegetation on the Tibetan Plateau during 2000–2015, He
et al. (2019) found that precipitation was the first limiting factor of NPP [35]. This is
associated with the effects of rain shadows in the Himalayas. At the same time, the impact
of climate change on grassland vegetation is largely related to grazing intensity. In areas
with heavy grazing intensity (larger LN), grassland NDVI is more significantly affected
by grazing, and when grazing intensity exceeds a certain threshold, the negative effect of
grazing on grassland is likely to offset or even exceed the positive effect of climate change
on the growth of alpine grassland [36]. In general, human activities have a relatively weak
impact on the grassland ecosystems in the study area; therefore, the variation in NDVI is
mainly controlled by climate.

However, unlike the other six counties, the variation in grassland NDVI in Tingri
County was controlled by both climate (precipitation) and grazing, which indicated that the
grazing pressure was heavy in Tingri County to some extent. Figure 8a further illustrated
that the population density of Tingri County was the highest among the seven counties,
and the grazing intensity was the second highest. Synthesizing the population and grazing
intensity data of the seven counties in the study area during the past 20 years, we found
that both data were significantly correlated with each other (Figure 8b), i.e., the variation
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in population density at the county level largely reflected that of the grazing intensity.
In addition, the Mt. Qomolangma scenic spot is located in Tingri County. According to
the data provided by the Mt. Qomolangma National Nature Reserve Administration, an
average of 82,300 tourists was received each year during the past 10 years (2011–2019). This
number increased to approximately 119,000 during the past 3 years (2017–2019), which is
approximately twice the resident population of Tingri County. A large number of tourists
would undoubtedly stimulate the demands for livestock products, which might indirectly
cause an increase in grazing intensity and aggravate the negative impact on grassland.

Figure 8. (a) Comparisons of the grazing intensity and population density between 7 counties
and (b) their relationships during 2000–2018. Different lower-case and upper-case letters indicate
significant differences in grazing intensity and population density between counties, respectively, by
using the Tukey’s HSD tests at α = 0.05.

It is worth noting that the grazing intensity of Dinggye County ranks first among the
seven counties in the study area (Figure 8a). Theoretically, the grazing intensity should
be closely related to the changes in NDVI, but partial correlation analysis showed that
the grazing effect on the grassland NDVI of the county was not significant. This may
be related to the vegetation degradation caused by overgrazing in the county; that is,
under heavy grazing conditions, the relationship between NDVI and grazing intensity may
be nonlinear [37,38]. In addition, it can be inferred from Figure 9 that NDVI showed a
significant negative correlation with grazing intensity after excluding the data in 2008 and
2011, when the precipitation was abundant or the temperature was very low, indicating
that the strong fluctuation of the hydrothermal combination factor in different years may
play an important role in regulating the relationship between grazing intensity and NDVI.
The significantly negative partial correlation between GST and NDVI in Dinggye County
further indicates that the future warming climate will not be advantageous for plant growth,
which is assumed to associate with increased evapotranspiration and droughts [39,40].

In this study, we found that the NDVI showed an overall increasing trend during 2000–
2018, and GSP was the main limiting factor. However, the GSP did not show a significant
increasing pattern in the past 19 years, indicating that its interannual fluctuations rather
than the changing trend determined the correlation between NDVI and precipitation.
This result is consistent with Zhang et al. (2013), who found that the decline in NDVI in
the Kosi River Basin in the central Himalayas (involving Tingri, Dinggye, and Nyalam
counties) during 1982–1994 and 1994–2000 was related to a sudden drop in precipitation [3].
Therefore, concerning the reasons for vegetation changes, we should pay more attention to
the impact of extreme climate events such as extreme precipitation years [41,42].
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Figure 9. Relationship between NDVI and grazing intensity in Dinggye County.

5. Conclusions

The grassland NDVI in the Mt. Qomolangma National Nature Reserve and adjacent
regions showed an overall increasing trend during 2000–2018. This increase is mainly
attributed to precipitation rather than temperature or human activities (grazing). However,
vegetation growth can also be simultaneously affected by grazing and/or temperature in
some areas with relatively heavy grazing pressure, such as in Tingri and Dinggye counties.
As a famous scenic spot in the world, the Mt. Qomolangma National Nature Reserve
attracted a large number of tourists each year, which would stimulate the demands for
livestock products, and cause an increase in grazing intensity and aggravate the nega-
tive impact on grassland ecosystems. Therefore, control of the number of tourists for Mt.
Qomolangma, as well as that of livestock in Tingri County, will help improve sustain-
ability development and reduce the adverse effects of grassland degradation caused by
consistent warming.
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Abstract: The ‘Returning Farmland to Forest Program’ (RFFP) in China has become an essential factor
in land cover changes and forest transition, especially in terms of the ecological processes between two
adjacent ecosystems. However, accurately delineating ecotones is still a big challenge for vegetation
and landscape ecologists. Acquiring high spatial resolution imagery from a small, unmanned aircraft
system (UAS) provides new opportunities for studying ecotones at a small scale. This study aims
to extract forest-agriculture ecotones by RGB ultrahigh-resolution images from a small UAS and
quantify the small biotopes in 3D space. To achieve these objectives, a canopy height model (CHM) is
constructed based on a UAS-photogrammetric-derived point cloud, which is derived from the digital
surface model (DSM) minus the digital terrain model (DTM). Afterward, according to the difference of
plant community height between abandoned farmland ecosystem and forest ecosystem, the ecotones
are delineated. A landscape pattern identified with ecotones and other small biotopes at the fine scale.
Furthermore, we assess the accuracy of the ecotones’ delineation based on the transects method with
the previous situ work we carried out and quantify the landscape structure using common landscape
metrics to describe its spatial and geometric characteristics. Through transect-based analysis at three
transects, the overall accuracy of the width of UAS-derived delineation is greater than 70%, and the
detection accuracy for the occurrence location is 100%. Finally, we conclude that ecotones extraction
from UAS images would also provide the possibility to gain a comprehensive understanding of the
entire ecological process of agricultural abandoned land restoration through continuous investigation
and monitoring.

Keywords: returning farmland to forest program; ecotone; unmanned aircraft system; CHM; moun-
tainous landscape; transect-based analysis

1. Introduction

Ecotone was first introduced by Clements [1] as transition zones where principal
species from adjacent communities meet their limits. Ecotones are transitional zones be-
tween different habitats, and they exist at all spatial and temporal scales [2–4]. Generally,
these zones have a set of characteristics (e.g., physiognomy, species composition, etc. [5])
uniquely defined by space and time scales and by the strength of the interactions between
adjacent ecological systems [6]. Hence, they exist beside the boundaries between biomes
or ecosystems [7]. Due to highly sensitive spatiotemporal dynamics, ecotones play vari-
ous vital roles in community ecology, landscape ecology, and biodiversity conservation,
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including the implementation of landscape functions, patterns, and ecological processes, as
well as the provision of evidence that “indicates” or “forewarns of” the impacts of global
climate change [8–12]. The intrinsic factors driving the spatiotemporal dynamic changes
in ecotones are determined by the ecological processes of species migration, settlement,
reproduction, and growth at the community scale [13,14].

The Yangtse River flood of 1998 resulted in the ‘Returning Farmland to Forest Pro-
gram’ (RFFP) in China, also known as the Sloping Land Conversion Program (SLCP). It
aims to restore some farmlands to forests gradually. This policy was initiated in 1999
and expanded in 2002 to cover most of China’s provinces and has received immense
attention [15,16]. The policy has become an essential factor in land cover changes and
forest transition [17], especially in terms of the ecological processes that are responsible for
material flows and species movement [18–20]. Studies of land cover change at regional
and provincial scales find gains in forest cover in jurisdictions in which the RFFP was
implemented [21,22]. Yet land cover change patterns vary sharply at smaller scales [21,23].
A previous study confirmed that ecotones often occur on the local scale [24]. These ecotones
are dynamic entities whose changes are always influenced by the interactions of ecological
processes between the abandoned agricultural lands and the adjacent ecosystems [25]. In
vegetation (or plant community) science, knowledge of ecotones is crucial in understanding
basic ecological patterns and processes [26]. Ecotones (or boundary) delineation is a critical
issue in vegetation ecology, which can help identify the organization rules of communities
and help understand the ecological processes between two adjacent ecosystems [27].

Formerly, several edge-detecting methods were used for detecting ecotones and tran-
sition zones using one-dimensional transect data [26]. The moving split-window (MSW)
technique is the most used ecotone delineation method. It is hard to detect the spatial
features of ecotones using the one-dimensional ecotone delineation technique, such as
location, shapes, and spatial distribution patterns [8]. The delineation of ecotones at the
community level is greatly affected by topography, data sampling directions, and the size
and numbers of samples using one-dimensional MSW. However, these edge detection
methods often need an excessive amount of effort and meticulous sampling to obtain
ecological data in the same manner (grid, regular lattice) and amount (exhaustive study
area) as pixel data based on transects. Delineating ecotones accurately continues to be a
significant difficulty for vegetation and landscape ecologists.

Currently, for mapping the continuous spatial distribution and quantifying the degree
of ecotone occurrence, algorithms also exist for detecting edges from the aerial view, and the
satellite remotely sensed image data [28,29]. Remote sensing data acquired from satellites
and piloted aircraft are potent tools for measuring the state and trends of environmental
changes associated with natural processes and human disturbances. However, the con-
ventional airborne and satellite remote sensing platforms upon which most sensors are
mounted have not always met the needs of researchers and environmental profession-
als [30,31]. Not only do data gathered using conventional remote sensing systems lack
operational flexibility and variety, but they also have a poor spatial and temporal resolu-
tion. With the fast growth of photogrammetry and 3D visualization technology in recent
years, approaches for creating 3D models from regular digital images have evolved [32,33].
Researchers have used conventional RGB digital cameras mounted on a UAS to determine
tree heights [34,35] and crop heights [36], and for biomass estimations [37,38]. Such applica-
tions have raised the possibility of using UAS-mounted ordinary digital cameras to obtain
information on the heights and 3D structures of plant communities, thereby providing
new research ideas and means to determine the spatial structures of ecotones. Hou and
Walz [39] developed a method for detecting ecotones based on change in plant height
and landcover by integrating several remote sensing data. However, data with varying
resolutions may result in estimating errors.

Previous studies have suggested that 3D or even multidimensional in space and time
information are key components of ecotones [11] and incorporating landscape 3D structures
into modeling and monitoring will produce outcomes that better approximate reality [40].
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An inherent property of forest-agricultural ecotones is higher structural heterogeneity
(changes in vegetation height) than adjacent plant communities [5,41], permitting UAS-
based 3D photographic techniques to be used for ecotone delineation. The objective of
this study is comparing the efficacy of UAS-derived canopy height versus traditional
transect methods to extract the width of forest-abandoned-land ecotones at known RFFP
sites. The UAS acquired photogrammetry point cloud and high-resolution orthoimage
will be derived using UAS photogrammetry techniques in addition to field investigations
using the transect method as ground truth. Optimizing limited field time is conducive
to monitoring and researching landscape pattern changes and monitoring the associated
ecological processes, thereby leading to better assessments of the mountainous ecological
restoration process after farmland abandonment.

2. Materials and Methods

2.1. Study Area

The study area is located in Yunnan Province, China. Weixi, in the County of the Diqing
Tibetan Autonomous Prefecture (98◦54′–99◦34′ E, 26◦53′–28◦02′ N) (Figure 1). The study
area belongs to the temperate mountain monsoon climate, with the annual temperature
difference of 11.3 ◦C, annual sunshine duration of 2071.3 h, annual precipitation of 954 mm,
frost-free period of 195 days, and the vertical change of mountain climate is obvious. The
forest soil in Weixi county showed an obvious vertical distribution, from high altitude
to low altitude, alpine meadow soil, subalpine shrub meadow soil, bleaching earth, dark
brown soil, yellow brown soil, and red soil. The soil in this study area is dark brown soil.
It is a steep mountain area, and the prominent disturbances are grazing and firewood
collection. There is a typical landscape with ecotones across the original Yunnan Pinus
(Pinus yunnanensis) community and an abandoned land under the influence of the RFFP.
Since 2003, the impact of this policy has been here for more than a decade. Before that, the
study area was mainly planted with corn. In addition to Yunnan Pine, other dominant
species in this study area include Coriaria nepalensis and Desmodium yunnanense.

Figure 1. Location of the sample plot. The right pic is the Baijixun sample plot, Weixi, with 19,203 m2.
Furthermore, here are three sample transects that were be set up along the slope.
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2.2. In-Situ Data

Three parallel sample transects were set along the direction perpendicular to the forest
edge, with an interval of 20 m. Taking the forest margin as the starting point, quadrats
were set in two opposite directions, respectively. Starting from the edge of the forest,
five quadrats with an area of 5 m × 5 m were set in the direction of the abandoned land.
The original Yunnan pine forest was set with eight quadrats with an area of 10 m × 10 m
continuously (Figure 1 and Figure S1). The area of each quadrat on abandoned land or
forest has been confirmed using the nested sampling approach, which in earlier work
considered the species–area relationship [42]. Based on the sampling strategies (S1), the
work of plant species investigation in each of the quadrats was completed in May 2013. At
the same time, in each quadrat, multiple points were randomly and uniformly selected to
collect soil, and the soil was mixed to ensure its representativeness (see S1). The pH value
and the organic matter (OM) content of soil were be measured using the potentiometric
method and oil-bath heating potassium dichromate volumetric method, respectively (see
Table S1) [42].

To detect the ecotones based on photogrammetric technology, a DJI M600Pro UAS
platform (DJI, Shenzhen, China) was used to collect aerial imagery with a spatial resolution
of 0.1 m. The platform uses an intelligent flight control system, a professional tripod head,
and a Sony a7r (Sony, Tokyo, Japen) digital camera taking red (R), green (G), and blue (B)
images for aerial photography. To assure comprehensive and practical remote sensing data,
this research covers the following important steps: (1) The camera’s lens length, shutter
speed, and orientation were manually tuned depending on ground surface reflectance and
ambient light conditions. (2) Nine GCPs (Ground Control Point) were put in open regions
of the Baijixun sample plot, and their precise locations were gathered using RTK (Real-time
kinematic) (CHCNAV, Shanghai, China). (3) For automated flying, the parallel path plan is
used, with 80% longitudinal and 60% lateral overlap. (4) After UAS data collection, photos
are sent to the field laptop and analyzed using Photoscan software (now Metashape). In
May 2016, UAS flights at 133 m yielded 822 usable photographs. 131 photos were taken
above our locations.

2.3. Image Preprocessing and Photogrammetric Processing

Initially, some hazy images are filtered out owing to the swaying of trees caused by
wind. The lightness of some shaded pics is enhanced, and the lightness of some pics with
overexposure is debased by the set Brightness tool in Photoscan software. To avoid the
influence from the difference of color between images in image stitching, the histogram
matching was used to adjusted bias images. Sequentially, a series of parameters (medium
aligning accuracy, high-quality point cloud, and mild depth-filtering level; refer to Figure 2)
were adopted to produce high-quality photogrammetric point cloud data. It is important
to emphasize that the point cloud data have ‘medium aligning accuracy’ (Figure 2). It
is because of considering the influence from the high sensibility of aligning algorithm
with ‘high aligning accuracy’, and it may cause an underestimate of canopy height, as no
aligning can be made for the tie points at the top of the canopy. Nevertheless, it cannot
reflect the real height of nonvegetation if the data with low accuracy. By the way, a point
cloud data set sufficient to characterize 3D vegetation communities is constructed. Based
on this, according to the orthoimage generation process flow of the software (Photoscan).
Finally, a high resolution (0.08 m/pix) orthoimage is produced, and the degree of overlap
is bigger than 90%.
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Figure 2. Diagram of detecting and measuring ecotones utilizing UAS images, incorporating a
preprocessing flow, a processing workflow of object-based classification, and the CHM extraction
workflow. Prepreprocessing is represented by the boxes with a green backdrop. The red-background
boxes represent object-based classification processing. Yellow boxes reflect methods for identifying,
measuring, and validating ecotones derived from UAS. The parallelograms with a blue background
indicate the data or outcomes created by the study framework.

2.4. Object-Based Image Classification (OBIC)

Exploiting the high resolution of UAS imagery, OBIC was chosen to map land cover
for the Baijixun study area. In this study, the multiresolution image segmentation (MRIS)
algorithm is used [43]. It should be emphasized that in OBIC, the accuracy of segmentation
directly affects the accuracy of classification. Hence, the ESP tool was adopted to estimate
the optimal value of segmentation parameters. It is an effective method to determine the
optimal value of segmentation parameters by controlling variables in the MRIS [44]. In our
case, the Shape and Compactness are adjusted to 0.5 and 0.5, respectively (Figures 2 and S3),
and the scale parameter related to MRIS is adjusted to 20 to obtain a better result of
segmentation (Figure S4)
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Afterward, 12581 objects from segmentation are classified into different land cover
classes using the random forest (RF) classifier. The RF classifier was chosen mainly because
this machine learning algorithm does not need many samples, has fast training speed, and
has good antioverfitting ability [45]. In this study, vegetation, nonvegetation, and shadow
were distinguished based on orthoimage. The training samples combined the data from
the previous situ investigation, the information of GCPs, and some sample points selected
based on visual inspection. Combined with field survey data and visual inspection, a total
of 138 training sample points were obtained, 30 of which were shaded, 38 of which were
nonvegetated, and 70 of which were vegetated (Figure S2). The three bands (R, G, B) were
inputted as predictive variables. Out of 113 selected samples, 101 (approximately 90% of
the total) sample points were selected as training samples, and the remaining samples were
used as validation samples. Then, based on the number of samples and the number of
classification targets, the default setting of the RF classifier was accepted. Corresponding
objects were determined according to the spatial position of investigation, and the samples
of the training classifier were finally involved in the form of objects. In order to detect more
small biotopes from the high-resolution orthoimage, characteristic of structure (i.e., CHM),
geometrical characteristic (area and shape index), and texture information were crucial. The
contrast index and the dissimilarity index were selected for the texture index, generated
according to the gray level co-occurrence matrix. Moreover, a rule-based classification
scheme was constructed, with different rules and thresholds for each class (Figure 2).
Different subclasses have significant differences in different feature dimensions, so every
subclass was judged from the parent class by the most sensitive features. We completed the
processing of OBIC above in eCognition Developer software.

2.5. Canopy Height Modeling

The nonvegetation area in the land cover classification realized in the above steps was
extracted to extract the nonvegetation points from the whole point cloud data. Nonvege-
tation points were merged with points of GCP on the field survey as modeling samples.
As the geostatistical method, the empirical Bayesian kriging (EBK) was adopted after
cross-validation with other four common models (S3) to construct a geostatistical model
(i.e., digital terrain model (DTM)) for predicting the entire terrain elevation. Before mod-
eling with these nonvegetation points, some points within other classes that could have
been misclassified into nonvegetation points needed to be filtered using a slope-based filter
method [46]. Furthermore, before modeling by EBK, declustering was performed and the
global first-order trend was removed from the data (S3). The point clouds were also used
to derive the digital surface model (DSM), a raster-based description of the surface that
includes objects on the terrain, such as trees and shrubs. In this work, multilevel B-spline
interpolation was used to generate the DSM, which is a high-speed interpolation algorithm
for calculating the continuous surface from points based on irregular regional samples [47].
Finally, a superimposed subtraction of the two sets of data produced a canopy height
model (CHM) by the grid difference, which is a raster computing tool used to subtract the
DTM from the DSM to produce the CHM. The geostatistical analysis was accomplished
by the ArcGIS Pro software. The processing of DSM and CHM data was achieved by the
SAGAGIS software.

2.6. Extraction and Classification of Forests–Ecotone–Abandoned Landscape

In this study, the ecotones between forest and abandoned agricultural land refer to
mixed vegetation above the grass layer at abandoned land but below the forest layer,
and they formed height gradient transitional zones. This vegetation height difference
of transitions between abandoned agricultural land and forest ecosystems provided a
meaningful result in this case and can be used as the characteristic for a three-dimensional
landscape [39,48].

For extracting the ecotones between forest and abandoned agricultural land, two pre-
requisites are used: vegetation height and proportion of ecotones. In this study, the ecotone
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detection method developed by Hou and Walz [48] was adopted. First, the land cover
map obtained using OBIC described above is used as the thematic layer. The forest and
agricultural land classes were overlaid with the CHM (DSM-DTM). The height difference
is used as a criterion of ecotones. Thus, it was necessary to define the threshold values
of height for the distinguish of ecotones. At the Baijixun plot, the average heights of the
vegetation in the forest and abandoned agricultural land were computed by the zonal
statistic. Second, the proportion of nonecotone pixels (i.e., forest pixels or abandoned land
pixels) within a fixed size “window” was assumed to be between 40% and 60% based
on the model from Riitters et al. [49]. Unlike the Hou and Walz method, CHM extracted
from the photographic point cloud could be completely matched with the land cover map
based on the high-resolution classification in our study. Therefore, combined with Hou and
Walz’s method and the perspective of Riitters, the classification results obtained from the
above classification system needed to be shrunken only. In our case, that meant inside a
moving window (61 by 61 pixels) surrounding the ecotone pixel, the proportion of both
forest and abandoned land pixels should be less than 60%. Combined with the result of
classification and CHM data, the average height of forest (Hf) and the average height of
abandoned land (Ha) in the landscape were calculated. The detailed step was to form
transitions by shrinking grass along the border pixels where CHM ≥ Ha m and the relative
area of grass pixels in a moving window of (61 by 61) pixels < 60% and shrinkage of the
forest where CHM ≤ Hf m and the relative area of forest pixels in a moving window of
(61 by 61) pixels < 60% (Figure 3). Finally, we assigned ecotone class to the unclassified
class and involved eliminating impurities inside ecotones. It should be emphasized that
considering for the shrinking from the nongrass land class (i.e., shadow class and bare
land class), the shadow class and bare land class were reassigned into the interior of forest
class or the interior of grass class according to the proportion of classes in the nearest pixel
before do the processing of shrinking. The shrunken work was completed with a tool that
is ‘pixel-based object resizing’ in eCognition Developer software.

 
Figure 3. Shrinking process diagram. The moving window along the border between the abandoned
land and the forest was used as the judgment basis for the shrinking into the interior of the forest and
the interior of the abandoned land where Pa denotes the proportion of pixels in the whole window of
the abandoned land. Moreover, the Pf denotes the proportion of pixels in the whole window of the
forest. Ha and Hf denote the average height of abandoned land and forest, respectively.

2.7. Quantifying the Landscape Containing Ecotones

Compared with the traditional ecotone identification method, this is an obvious
advantage of the spatial continuous detection results, that is, the spatial quantization of
the ecotone can be realized. Mapping the landscape pattern, including the ecotones, not
only shows where the ecotones occur but also makes it possible to quantify the scale of the
ecotones. At the CLASS level, a series of landscape metrics are computed in an R package
(landscapemetrics [50]) to assess the landscape characteristics of ecotones. The quantitative
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indicators selected are shown in Table S3. Furthermore, the total area (TA) reflects the size
of the corresponding class in the landscape and measures the composition of the landscape.
The percentage of landscape (PLAND) is a relative measure that quantifies the landscape
weight of each class in the landscape, which is also an important indicator for measuring
the landscape composition. The total edge (TE) reflects the total edge length of a class,
and longer edge lengths may be associated with larger edge effects. The shape index (SI)
is the most straightforward measure of complexity, and the changes in a landscape may
reflect the extent of disturbance. In fact, these common indicators are also rich in ecological
significance. TA is a direct measure of the scale of landscape elements, and the area of
vegetation has an impact on the species in it, that is, the area effect [51]. While PLAND
reflects the weight of corresponding classes in the landscape, it also indirectly reflects the
contribution of this class to the spatial heterogeneity of landscape elements within the
landscape. It is assumed that the larger the PLAND of a class is, the more outstanding
the contribution of the corresponding class to the homogeneity of the habitat types within
the landscape is, which may influence the biodiversity within the landscape, because it
may lead to concentrations of rare species in marginal habitats [52]. TE and SI measure
the edge characteristics of land cover types, which may be related to the edge effect of the
corresponding land cover class [53].

2.8. Transect-Based Analysis

The ecotones occur between adjacent ecosystems frequently with high heterogene-
ity. In general, the variability of biodiversity is sensitive to environmental change. The
species importance value (IV) is computed in every species per small sample quadrats. In
addition, the mean values of the importance values of plants included in each quadrat
are calculated to represent the importance values at the level of the quadrat. This work
(i.e., the measurement of IV, pH, and OM) has been conducted in previous experiments
(Table S1). For analysis of the variation along transects from abandoned land to the interior
of the forest, the MSW alone transect was adopted in this study. The MSW is a common
approach to reflect the habitat change or indicate how habitats are separated [54]. The
discrepancy coefficient was computed between two subwindows (1/2 window) using the
squared Euclidean distance (SED) (Formula (1))

SEDn =
(
Xiaw − Xibw

)2 (1)

where n denotes the location of the medium point of two subwindows and a and b re-
spectively represent the two subwindows when the window is n. The w is the size of a
window. The m is the number of parameters in a quadrat [55]. The times of removing
are determined by subtracting the size of the window from the number of total quadrats
and adding 1. In addition, the experiment was carried out several times with a variety
of window sizes so that any potential bias caused by the impact of window scale may be
eliminated. According to the findings of our earlier study, the position and breadth of the
ecotones may be identified more precisely when the size of a window is set to 6. [56]. In
this study, eight medium points were determined (The distance along the one-dimensional
transect from the starting point is 17.5 m, 25 m, 32.5 m, 40 m, 47.5 m, 55 m, 65 m, and 75 m,
respectively) by the window size and the number of all quadrats.

Meanwhile, the obtained results were normalized. The calculated distance coefficient
(i.e., SED) was plotted along the transect. The dependent variable was the value of the
normalized result, and the independent variable was the position of the starting distance
from the transect. Similarly, the width of ecotones occurrence was expressed at the same
location of the transects. An interpolation line was set up through the midpoint of each
small quadrat, the starting point and ending point of the entire transect. The landscape
map containing ecotones was binarized before computing by interpolation line, with one as
the ecotones and zero as the nonecotone. Based on the graph, the occurrence of the location
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of ecotones was detected according to crest and estimate the scale of ecotone according to
the width of wave.

2.9. Accuracy Assessment for Ecotone Detection

Two aspects of accuracy need to be verified in this study. One aspect was the classifica-
tion accuracy of the landcover of biotopes, which will directly affect the ecotones’ location
of occurrence. Another aspect was the delineation accuracy of the ecotones, which tests
the accuracy of the ecotones’ width based on our method, reflecting the scale (width) of
the transition.

In this study, field surveys are carried out to establish the characteristics and variability
of land cover and to acquire reliable field data for training the classifiers of the UAS image
data and evaluating the accuracy of the classification results. The ground truth data were
combined with the UAS images to assess the accuracy of the classification. The F1-measure
was adapted for assessing the accuracy of each class [48]. This indicates the harmonic mean
between precision (pi) and recall (ri) for each class i, because recall and precision are evenly
weighted [57].

F1 =
2piri

pi + ri
(2)

pi denotes objects correctly classified as class i/(ground reference objects in class i) and
ri denotes objects correctly classified as class i/(number of objects correctly classified as
class i + objects falsely classified as class i).

Meanwhile, the F1-measure was also used to test the accuracy of the scale of ecotones
occurrence extracted based on proposed method.

F1 =
2pjrj

pj + rj
(3)

pj =
TPj

TPj + FPj
(4)

rj =
TPj

TPj + FNj
(5)

TPj denotes the overlap width of the ecotones derived from the UAS data and the
ecotones detected from the analysis of the transects based on situ investigation at transect j.
FPj denotes the width of the part not detected by situ data but detected in the UAS data.
FNj denotes the width of the part not detected by UAS data but detected in the situ data.
The pj represents Precision, and the rj represents Recall.

3. Results

3.1. Canopy Height Estimate

In the Baijixun sample site, the unbiasedness and uncertainty of multiple geostatistical
models were compared by cross-validation method, and the EBK was finally selected
to model the DTM. A CHM was successfully used for modeling, and it was used to
interpolate the height value across the study area (Figure 4). From the results, the predicted
slope direction was consistent with the actual slope direction, and the vegetation height
changed obviously at the boundary between abandoned land and forest (in the north)
(Figures 1 and 4). According to the results of OBIC, we calculated that the average height
of the forest class was 3.84 m, and that of the abandoned land class was 0.27 m.
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Figure 4. The digital surface model (DSM) (a), digital terrain model (DTM) (b), and canopy height
model (CHM) (c) of the Baijixun plot.

3.2. Landscape Pattern with Small Biotopes

In this study, a landscape map was obtained using the object-based image analysis
described in the methodology section. The accuracies of the classifications are listed in
Table 1, respectively. The overall accuracy of classifying based on UAS photogrammetric
orthoimage is 95% (Table 1). This landscape pattern (land cover map) clearly shows a typical
landscape of abandoned land surrounded by pine forest communities, as well as a particular
pattern of small biotopes (Figure 5b). Based on the high-resolution orthoimage data of UAS,
and under the classification framework proposed by us, the detailed object classification
was obtained, which is an essential prerequisite for further detecting the ecotones.

Table 1. Accuracy of classification of subtle landscape elements.

Accuracy Index Forest Abandoned Land Bare Land Single Tree Tree Line Shadow

Precision (%) 97.00 87.00 96.00 99.00 97.00 96.00
Recall (%) 94.00 90.00 95.00 98.00 97.00 97.00

F1 (%) 95.00 88.00 95.00 98.00 97.00 96.00
Overall accuracy (%) 95.00

3.3. Ecotones Detection and Quantification

A window moving along the edge between abandoned land and forest was used to
judge pixels under the above two conditions (height restriction and area ratio). A landscape
with ecotones between abandoned land and forest boundaries was delineated (Figure 5c).
Subsequently, the corresponding landscape metrics calculation results are also calculated
based on the fine resolution landscape map (Table 2). In general, the ecotones between
abandoned land and forest in the Baijixun plot was irregular to the west and north of the
abandoned land (Figure 5c). The ecotones were expanding from forest interior to bare
land or abandoned agricultural land. This landscape pattern indicates the gradient of
vegetation spontaneous regeneration between abandoned farmland and forest. To the east,
the abandoned farmland boundaries left over from the past prior to degradation remained
the boundaries between the ecotones and the forests, and their shapes are quite regular
(e.g., ecotones elements in this landscape have lower SI values (Table 2)). It may also be
disturbed by a small amount of human activity, as shown in Figure 5, where tracklike
bare land was identified, and result in a higher landscape contrast of the eastern boundary.
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The texture characteristics revealed that the region contained sparse vegetation and large
amounts of bare land. From the quantitative results, the ecotone class has the maximum
boundary length. It also occupies a large proportion in landscape proportion, almost equal
to the type of abandoned land.

Figure 5. An orthoimage of the study area (a), a landscape patter map derived from OBIC (b), and
(c) a landscape including the ecotones extracted (shadows removed).

Table 2. A series of common landscape metrics used to quantify some elements of the landscape.

Landscape Metrics Forest Bare Land Abandoned Land Ecotones Tree Line Single Tree

Total Area (m2) 1196.90 49.30 288.90 391.90 0.01 2.50
Percentage of Landscape (%) 61.74 2.54 14.90 20.22 0.47 0.13

Total Edge (m) 1100.90 2203.10 1537.70 1631.70 125.00 27.20
Shape Index 1.55 2.39 2.27 1.82 3.27 1.30

3.4. Transect-Based Analysis

Separately, our research group conducted a series of studies on ecotones in the agro-
forestry ecosystem of the Baijixun sample plot. These investigations were mainly carried
out through the laying of transect lines. Analyses of plant diversity levels within the com-
munity and soil properties were used to determine the dynamic changing characteristics
and width range of the ecotones. The results showed that the ecotones in the Baijixun
plot were 37.5–57.5 m, 30–42.5 m, and 30–57.5 m width in IV, pH, and OM, respectively
(Figure 6 and Table S1). However, when the landscape pattern diagram of the sample plot
produced in this study was used as the basis, and distances were measured along the same
direction as the transect lines laid previously, the widths of the ecotones were found to be
35.43–55.20 m.
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Figure 6. The data obtained in situ were analyzed based on transects. Every transect consists of 8 big
quadrats (10 × 10 m) and five small quadrats (5 × 5 m). IV, pH, and OM were surveyed in every
quadrat. In this figure, the first column (from left) denotes the distribution of IV along a transect,
the second denotes pH, and the third is OM. Three color plates reflect the changes of value in each
quadrat, and the higher the value of a quadrat, the deeper the color. The fourth column reflects a
land cover with ecotones along a transect. The fifth column shows the changes of different indicators
along the direction of the transect. The black lines in the first three columns act as scale to indicate
the width of the ecotones detected based on the MSW.
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IV, pH, and OM values in each quadrat were measured and presented spatial hetero-
geneity along the transect (Figure 6). In the three transects, the MSW method was used to
calculate the changes of three indicators from field survey along the transects. The changes
of field data and the changes of ecotones derived from photogrammetric orthoimage were
plotted into a coordinate (Figure 6). The method of F-1 measure was used to test the
accuracy of our method on the detection of the ecotones. The overall accuracy was greater
than 74% in the ecotones scale (width) detection (Table 3). The location of the crest was
the location where the ecotones occurred. From the results, in terms of the accuracy of the
occurrence location, the detection accuracy was 100% (Figure 6).

Table 3. Test the accuracies of ecotones width derived from UAS at corresponding transect in different
data. For the meaning of TP, FN, and FP, refer to the accuracy assessment section above.

Accuracy Index 
Transect 1 Transect 2 Transect 3 

IV PH OM UAS IV PH OM UAS IV PH OM UAS 
Width (m) 57.50 30.00 57.50 55.20 37.50 30.00 30.00 39.72 37.50 42.50 30.00 35.43 

TP (m) 40.79 28.30 40.79 

 

32.05 24.55 24.55 

 

28.15 27.08 23.35 

 

FN (m) 16.71 1.70 16.71 5.45 5.45 5.45 9.35 15.42 6.65 
FP (m) 14.41 26.89 14.41 7.68 15.18 15.18 7.29 8.35 12.08 

Precision (%) 73.90 51.28 73.90 80.68 61.80 61.80 79.44 76.44 65.89 
Recall (%) 70.94 94.34 70.94 85.46 81.82 81.82 75.05 63.73 77.82 

F1(%) 72.39 66.44 72.39 83.00 70.41 70.41 77.18 69.51 71.36 
Overall accuracy (%) 70.41 74.61 72.68 

4. Discussion

4.1. Mapping Landscape with Small Biotopes

The heterogeneous character of the landscape (mosaic) and the influence of the spatial
arrangement of the composing patches of many ecological processes have been recog-
nized [7,9,58]. As shown in Figure 5, this reflects that the ecotones shapes formed a more
complicated landscape. However, ecotones are essential components of heterogeneity,
which are usually ignored in traditional landscapes. The agricultural ecosystem of the
Baijixun sample plot has been abandoned for more than ten years and has been transformed
into grassland, with the surrounding forests showing the trend of expansion. Ecotones
are growing around the boundary between the abandoned land and forests. It has created
the considerable potential for species exchange and materials flux between the forests and
abandoned land [56,59,60]. It also indicates that the interaction between the forests and
grassland ecosystems is more robust in the ecotones. This would better reflect the process
and progress of ecological restoration after the implementation of RFFP. As mentioned
above, the RFFP policy has played a significant role in land cover transitions [16,61,62], as
well as the ecological processes that are responsible for the spatial distribution of species [18].
However, the conventional landscape pattern without ecotones derived from remote sens-
ing image data generally ignores the gradual transition zones between different landscape
units or patches [63,64]. This is also why we conduct a two-step data validation, because
the shrunken-based detection method relies on highly accurate land cover mapping, and
our validation clearly meets this need (Table 1). The experience based on field investigation
provides reliable verification object for verification work. Note that this result is also im-
aged by OBIC. It also means that the forest and vegetation transition processes caused by
the RFFP policy could also be ignored when the landscape or land cover without ecotones
maps are used. In this study, the findings revealed the landscape pattern of all ecotones
within the sample plot, which facilitated the concurrent measurement of the spatial patterns
of ecotones. With continuous investigation and monitoring, it is believed that it will be
possible to gain an improved understanding of the entire ecological process of agricultural
abandoned land restoration.
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4.2. Canopy Height Model

At the aspect of CHM modeling, the point cloud data derived from photogrammetry
is used to extract ground points supported by the result of OBIC from the high-resolution
orthoimage. The terrain elevation of the unknown region is predicted by using geostatistics
(Figure 4). It should be emphasized that this is still a model for prediction based on
geostatistics, although this approach has achieved some results in our study. The success of
the experiment depends on the topographic heterogeneity of the predicted area and the
spatial configuration of the ground points that may be extracted. Moreover, according to
the cross-validation results, we found that regardless of the statistical model, the prediction
of variability is generally underestimated (Table S2). It reflects the possibility that the
fluctuation of topographic heterogeneity on the fine scale is beyond the prediction ability of
geostatistical models. Therefore, it may be more effective to restore the changes of terrain
elevation at a large scale, as this increases the probability of obtaining effective ground
points. It reflects the feasibility of the technology to monitor the landscape with ecotones
under the influence of the policy of RFFP.

4.3. Extraction of Ecotones

Data sizes and resolutions can be applied effectively when studying small-scale land-
scape patterns. It is also noted that transitions between abandoned farmland and forest
ecosystems have created height variations among plant communities, and a CHM built by
DSM and DTM data could highlight such differences. Hence, this model is used for the
extraction of the forest-agriculture ecotones. Hou and Waltz [48,61] have similarly used
height variations between different plant communities to segregate and extract small-scale
landscape units such as forest–grassland ecotones and tree lines from a 3D perspective.
They used airborne LiDAR elevation data and high-resolution satellite image data to clas-
sify 3D landscape maps before conducting a comparative analysis between the results and
those obtained using the traditional 2D classification method. The results confirmed that
3D height information could reflect gradient changes occurring at forest boundaries and
thus be used to extract small-scale landscape units such as ecotones. However, LiDAR
scanners are still not considered as standard tools because of the high cost of airborne
LiDAR instruments and peripherals (reference targets, tripods, software suites, graphic
workstations), as well as data collection [65].

Moreover, some previous study has shown that the point clouds derived from LiDAR
and RGB sensors successfully capture the 3D structure [66]. Photogrammetric processing
relies on identifiable features to be matched across sequences of images. It should be
emphasized that the structural information obtained based on the photogrammetric point
cloud is naturally compatible with the orthophoto image, so in this study, the ecotones
extraction method is different from that of Hou. As described in the method part, we did not
do growing as Hou did. We directly shrink due to the perfect match between the structure
information from the photogrammetric point cloud and image data. Image data acquired
through UAS photography have higher resolution, which means that the proposed method
may be superior to the traditional satellite remote sensing method for regional- and small-
scale studies on ecotones. Although the resolution of some satellite images (e.g., Sentinel-2
data [67]) has improved in recent years, and the heights of ground objects can be accurately
obtained from airborne or satellite LiDAR (e.g., ICESat-2 data [68]) data, both methods
incur substantial data acquisition costs, and the data cycle cannot be prescribed. By contrast,
UAS has the advantages of flexibility and controllability. Image data obtained through
this method have various characteristics, including being regionalized, customized, and
personalized. In addition to satisfying various research requirements, the cost of using this
method is also generally acceptable to most research organizations and teams.

4.4. Quantification of Ecotones

Traditionally, studies on ecotones have often relied on transect lines laid along en-
vironmental gradients to collect data on plant communities and soil properties and then

192



Diversity 2022, 14, 406

determined the range of ecotones using moving split-window techniques. Being con-
strained by human or terrain factors, this method only allows research to be conducted in
one direction along the transect lines. By contrast, the remote sensing method based on
UAS photographic technology allows comprehensive regional data acquisition. It permits
analysis and research from the perspective of landscape patterns, thereby eliminating
the necessity for multiple sessions of field investigations and thus making this method
obviously advantageous in terms of reduced working hours and intensities. This fully
demonstrates the advantages of continuous spatial pattern characterization in landscape
ecology research, such as quantified area or edge length (Table 2). The results of this study
on the quantification of the landscape containing the ecotones that the ecotones occupy a
considerable weight in the whole landscape can be seen from the results of this study. Both
TA and PLAND reflect the important spatial landscape status of the ecotones, which is
often neglected in previous landscape ecology studies. The neglect of the ecotones may lead
to underestimating landscape heterogeneity and the overestimation of landscape contrast.
It can be seen from the PLAND index that the dominant patches in the landscape are forest,
abandoned land, and ecotones. It also reflects the high landscape heterogeneity. In the TE
index, the values of ecotones and abandoned land are close to each other.

4.5. Transect-Based Analysis

Ecotones were mainly determined based on the variations in vegetation height when
transitioning between different communities in this study. By contrast, transect surveys use
plant diversity levels within the community or soil indicators as the bases. The proliferation
and migration of plant species can be determined by surveying sample communities
(Figure 6). The herbaceous plants growing within forests can also proliferate over wide
extents. However, in this study, we could only determine the height changes at the canopy
of the communities but could not assess the specific changes of plants growing in the
understory. It might explain the differences in measurement results for the Baijixun sample
plot between this study and earlier transect surveys conducted at the traditional community
scale. The difference may also be caused by the inaccurate expression of the width in the
traditional one-dimensional transect analysis method. Thus, in this study, interpolation
lines are used to measure the binarization map with ecotones, and more accurate width
measurement results are obtained. It is also worth noting that due to restrictions imposed
by the terrains of the sample plots, previous transect surveys could only lay transect
lines along one direction: from the base of the mountains up toward the upper edge of
the abandoned agricultural land [42,56,60]. Consequently, the data obtained using these
transects could only determine the range and dynamic changes of ecotones between the
abandoned agricultural land and forests in that particular direction. The survey results
revealed that after the abandonment of farmlands and over time, the ecotones gradually
became wider in that direction and could eventually be restored as pine forests [42,60].
Additionally, it should be noted that the detection based on MSW technology requires
additional consideration of the size of the window, which also brings uncertainty to the
ecotones’ detection. For example, it can be seen from the results that the initial value of OM
in transect 1 and IV in transect 3 is slightly greater than 0, which means that the ecotones
that may occur earlier along the transect direction is not detected, which also partially
affects the verification of width. However, the precision of the location is irrelevant, as
all peaks fall within the range of UAS results. This also reflects the shortcomings of the
traditional one-dimensional MSW method.

5. Conclusions

In general, we present a scientifically solid and practical method for extracting 3D
ecotones utilizing UAS photographic technology, which can be utilized to enhance the quan-
tification of landscape pattern. The results confirm the advantages of spatial geostatistical
techniques in processing photogrammetric derived data, which benefit from high-precision
reconstruction of vegetation structure information. In addition, due to the natural match-
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ing of structural information and spectral information derived from UAS, the ability of
detecting ecotones based on edge 2D moving window technology is further strengthened,
which is enough to produce high-resolution land cover mapping with ecotones. In the end,
compared to the standard one-dimensional approach of ecotones measurement utilizing
transect surveys and the moving split-window methodology, the method described here
provides a thorough understanding of the landscape pattern and spatial characteristics
of ecotones. This approach has the potential to quantify regional vegetation and forest
transition processes. It should be utilized to evaluate and optimize the management zones
of existing nature reserves, as well as to establish additional protected areas and corridors
for species migration, genetic exchange, and population size. This should coincide with
the exhaustive and regular gathering of species diversity census data. Last, the ecotones’
extraction method, landscape pattern quantification, and change detection should be linked
to the function of ecotones in a landscape and included into biodiversity and ecosystems
protection, as well as sustainable planning and management of regional areas. Through
constant inquiry and monitoring, it will be possible to get a full understanding of the entire
biological process of the restoration of abandoned agricultural land using this ecotones
extraction approach.
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Abbreviations

Abbreviation Explanation

CHM Canopy Height Model
DSM Digital Surface Model
DTM Digital Terrain Model
EBK Empirical Bayesian kriging
ESP A tool to estimate scale parameter for multiresolution image segmentation of

remotely sensed data.
GCP Ground Control Point
IV Importance Value
MRIS Multiresolution image segmentation
MSW Moving split-window technique
OBIC Object-based image classification
OM Soil organic matter
RF Random Forest
RFFP Returning Farmland to Forest Program
RGB or R, G, B Red, Green, Blue band
RTK Real-time kinematic
SLCP Sloping Land Conversion Program
UAS Unmanned Aircraft System
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Abstract: Human activities change the natural ecosystem and cause the decline of the intact ecosystem.
Establishing an applicable and efficient human activity monitoring indicator system benefits China’s
ambitious national park system construction. In this study, we established a refined technique for
ecological intactness scores (EIS) and applied it in the area of Giant Panda National Park (GPNP)
from 1980 to 2020 by quantifying four types of human interferences including land use and cover
change (LUCC), road construction, water reservoir and hydropower construction, and mining. The
results show the following: (1) Under the ecological intactness score range of 0–10, the GPNP with
about 92.6% area of the EIS was above 6.0, and the mean baseline level of intactness was 7.1 when it
was established in 2018. (2) The EIS in the east of Qionglaishan and south of Minshan were relatively
lower than the rest of the study area. (3) During the past 40 years, 80% of the GPNP’s ecological
intactness has remained stable. (4) In total, 14% of the GPNP was degraded mainly in the areas
below 1200 m with severe human activities. (5) LUCC and road construction were the main driving
factors for the decrease of ecological intactness in the GPNP. (6) The habitat of the giant panda is
mainly distributed in the areas with an EIS above 6.0, and this is a key link between ecological
intactness and habitat suitability. Our research proved that the ecological intactness score (EIS) is
an effective indicator for monitoring and assessing the impact of human activities on the regional
natural ecosystem and could be helpful for ecological restoration and human activities management
GPNP in the future.

Keywords: national park; ecological intactness; human activity; land use and cover change; habitat
suitability

Diversity 2022, 14, 485. https://doi.org/10.3390/10.3390/d14060485 https://www.mdpi.com/journal/diversity
199



Diversity 2022, 14, 485

1. Introduction

China has launched an ambitious plan to build a national park system to protect its
most important natural ecosystems and their associated biodiversity in response to the
current climate change risks and biodiversity crises at the regional and global scales. The
newly established Giant Panda National Park (GPNP) and its adjacent areas are one of
the hotspots for global biodiversity conservation [1] and the priority areas for biodiversity
conservation in China [2]. Many studies have revealed that human disturbance is one
of the main reasons for the fragmentation and degradation of giant panda habitats [3–5].
Conservation of the giant panda’s habitat and maintenance of its intact ecosystem have
been set as the core goals for the new GPNP. However, a report about the regional ecosystem
status or comprehensive effects of human disturbance on giant panda habitat is rare [5].
Selecting appropriate and efficient evaluation protocols and indicators is the key issue for
achieving conservation management goals [6].

With the widespread of nature conservation practices, monitoring and evaluation
systems for conservation have been continuously enriched. Representative evaluation
tools include the following: intactness evaluation [7,8], naturalness evaluation [9,10], and
integrity evaluation [11,12]. In the broad field of conservation biology “intactness”,” natu-
ralness”, and “integrity” can be treated as synonymous [10,13]. From our point of view,
these three indicator systems have their own focus: (1) naturalness, commonly defined as
the similarity of a current ecosystem state to its natural state, focuses on “compositional”,
“structural”, and “functional” indicators of the ecosystem [10]; (2) intactness is the state of
an ecosystem that develops in response to natural processes without human interference,
with an emphasis on measuring the degree of human disturbance to natural ecosystems [7];
(3) ecosystem integrity is a huge notion with meanings ranging from intactness, wholeness,
health, and functioning to quality and resilience, which pays attention to the absence of
ecosystem elements (wholeness) [6,14,15]. Naturalness, intactness, and ecosystem integrity
are continuity concepts for supporting ecosystem and biodiversity conservation aims of
sustainable development [10,16]. Based on our knowledge, we chose the term “intactness”
to construct an indicator that can measure the effectiveness of national parks in managing
human activities at the landscape scale.

In this study, we define the degree to which an ecosystem retains its natural state
unmodified by remote sensing identifiable human activity as ecological intactness. Tra-
ditionally, China and other countries have adopted forest management practices, such as
improvement of forest cover, tree stock volume, and carbon storage as the goals of natural
ecosystem preservation [17,18]. These forest management goals may ignore the benefits
of ecosystem services and natural values other than wood fiber production [19], such as
biodiversity conservation, water regulation, water retention, and climate change mitigation.
Many studies have shown that an intact ecosystem supports significant environmental val-
ues including biodiversity [20,21], carbon sinks [22], water regulation and provision [23,24],
and the maintenance of human health [25]. Hence, ecological intactness could be one
valuable indicator for the management of GPNP to reflect human activity and the intact
degree of an ecosystem.

The assessment of ecological intactness requires the measurement of human activities
and their caused ecosystem changes. Methods to quantify human activity in an ecosystem
include human footprint [26,27] and human modification [28,29]. Those methods collect
human activity indicators including building, croplands, pasture lands, nighttime lights,
railways, etc. to assess human modification or footprint in continental-scale and larger
regional areas. Those studies revealed that 60% of all land changes are associated with
direct human activities, and the protection of the intact ecosystem is needed [26,28,30–34].
Human activities are not mutually exclusive and usually co-occur in the same location [35].
The regional assessment of anthropogenic impact is generally conducted by remote sens-
ing [36]. The critical step for assessing the ecological intactness is to identify the main
disturbance factors in Giant Panda National Park, and the identifiability of the image is an
important criterion for screening the types of human activities involved in the evaluation
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of ecological intactness. Land Use and Cover Change (LUCC) is an important material
for regional ecological intactness assessment, which contains basic anthropogenic activity
information such as villages, cultivated land, etc. According to the evaluation of the 3rd
and 4th National Panda Surveys [37–39] and the World Natural Heritage Outlook Report
of Giant Panda Habitat [40], road interference, mining interference, water reservoirs, and
hydropower construction are identified as the major human disturbances affecting the
regional ecological environment.

Previous work aimed to protect the quality of the giant panda habitat. The indicators
for evaluating and monitoring giant pandas’ habitat quality came from the habitat suit-
ability index (HSI), which is based on environmental factors including vegetation types,
elevation, slope, and bamboo distribution [37,41,42]. While the new GPNP takes ecological
intactness as a conservation goal in management, it is interesting and important to test
if the “intactness” can cover the spatial area of “suitable habitat”. With these regards,
this study focuses on the following aims: (1) studying the current status of the ecological
intactness so as to provide a baseline for GPNP, (2) detecting the changes of ecological
intactness in GPNP during the past 40 years and identifying specific areas in need of
management, and (3) testing the relationship between ecological intactness and the quality
of the panda habitat.

2. Materials and Methods

2.1. Study Area

The Giant Panda National Park lies in the mountainous area of southwest China,
spanning the Sichuan, Gansu, and Shanxi Provinces. We considered all counties of Sichuan
Province that are partially or fully designated as national parks as our study area (Figure 1).
Sichuan has 1387 giant panda individuals accounting for 74.4% of the total population, and
the GPNP Sichuan part composed 74.6% of the total GPNP. The study area can be divided
into two parts, one is called GPNP, and the other is the study area outside the GPNP called
the exterior area (EA). The research area covered 52,473.3 km2 and the GPNP occupied
20,177 km2 (Figure 1). This study area occupies the QionglaiShan, Minshan, Qinling, and
Daxiangling mountain regions. The elevation of the study area ranges from 421 m and
6132 m, and the northwest is higher than the southeast.

The Sichuan GPNP involves 119 townships and 20 counties that belong to 7 prefectures
and has a population of 89,900 inhabitants. The local economic structure is relatively
simple, with mining, hydropower, and other resource development enterprises generating
industrial revenue. The main source of income for community residents is agriculture, and
some residents are also engaged in mining and processing labor. According to the Fourth
National Giant Panda Census, the common disturbances affecting wild giant pandas and
their habitat are livestock, roads, and farming (cultivation of row crops), all of which are
significantly increasing, while disturbance from logging has been significantly decreasing
after the implementation of the Natural Forest Conservation Program (NFCP) and the
Grain-to-Green Program (GTGP) [37].

2.2. Materials and Method
2.2.1. Data Preprocessing

Taking the regional characteristics of GPNP and data availability into consideration,
we finally tailored four categories of human activity (LUCC, roads, mining, and water reser-
voirs and hydropower construction) and employed the “increasing” fuzzy sum function to
map the ecological intactness in a spatially explicit way [30]. The data timing, resolution,
and source information of the four categories of human activity used in this study are
shown in Table 1. Based on the local studies concerning the effects of roads on the distri-
bution of giant pandas [43,44] and expert judgment, we set the maximum impact range
as 3 km and established four different widths of road influence radius, which were 100 m,
500 m, 1000 m, and 3000 m for assigning different human interference scores(Table 2.).
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Figure 1. Research area and the Giant Panda National Park boundary.

Table 1. Overview of human activity, spatial resolution, and the years of data used in the calculation
of ecological intactness.

Human Activity Year Resolution Data Source

Road interference 1980, 1990, 2000, 2010,
2018, and 2020 -

The Data Center of Resources and Environmental Sciences,
Chinese Academy of Sciences
(https://www.resdc.cn/data.aspx?DATAID = 237)
(accessed on 6 September 2020); the Traffic Yearbook of
Sichuan Province (http://cnki.nbsti.net/CSYDMirror/
Trade/yearbook/single/N2021080079?z=Z014) (accessed
on 6 September 2020)

Mining interference 1980, 1990, 2000, 2010,
2018, and 2020 30 m × 30 m local authorities; field investigation

Water reservoirs and
hydropower construction

1980, 1990, 2000, 2010,
2018, and 2020 30 m × 30 m local authorities; field investigation

Land Use and
Cover Change

1980, 1990, 2000, 2010,
2018, and 2020 30 m × 30 m

The Data Center of Resources and Environmental Sciences,
Chinese Academy of Sciences (https://www.resdc.cn)
(accessed on 31 December 2020)

Mine development data are not available online. We collected the data regarding mine
development from local authorities. Those data included the location, area, and times of
mining activity. We sorted out six mine development sub-datasets for 1980, 1990, 2000,
2010, 2018, and 2020 according to the date of initial activity. Then, the 2020 sub-dataset was
validated with field investigation.
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Table 2. Road grade * influences degree and scope parameter based on the previous study [30,31]
and modified according to related research [43–45] and expert judgment.

Road Grade Road Facility (0–100 m) 100–500 m 500–1000 m 1000–3000 m

Highway 10 3 2 1
First Grade 10 3 2 1

Second grade 8 2 1 0
Third grade 6 2 0 0

Fourth grade 4 1 0 0
Railway 10 3 1 0

* Note: The road grade standards refer to “Road Engineering Technical Standards” (JTGB01-2014).

Human influence scores for mining interference were determined from relevant stud-
ies [30,46] and based on onsite investigations. We adjusted the scope of mining interference
from 0.5 km to 1 km, and the impact score was adjusted according to our field evaluations
on the degree of interference for different mining methods and mining sizes. Mining areas
exceeding 1 km2 are considered large, and mining areas less than 1 km2 are considered
small. Because mining areas tend to destroy local vegetation and cause slope erosions,
mining areas yield the largest impact score of 10, and the impacts gradually fade to zero
with increasing distance to 800 m or 1 km. The impact range of mining interference was set
at 200 m, 500 m, 800 m, and 1000 m beyond the boundary of the mining area to establish
buffers relative to what was being impacted (Table 3).

Table 3. Parameter table of influence degree and scope of mining type determined from relevant
studies [30,46], and expert judgment based on onsite investigations.

Mining Type Mining Area 0–200 m 200–500 m 500–800 m 800–1000 m

Large open pit mine 10 8 4 2 0
Small open pit mine 10 4 2 1 0

Large underground mine 10 4 2 1 0
Small underground mine 10 2 1 0 0

The hydrological project data source and production process were the same as we
used for assessing mining interference. We adopted the ecological impact assessment
procedure for hydroelectric project construction developed for the Nuozhadu Nature
Reserve [47] and set the maximum distance of influence at 5 km. For the construction of
water reservoirs projects and hydropower development, the impact degree and scope of
the project were evaluated according to the size of the project or the installed capacity. The
criteria for classifying the size of hydropower stations were as follows: small-scale station
under 5000 KW/h, medium-sized station of 5000–100,000 KW/h, large-scale station of
100,000–1 million KW/h, and mega-sized station over 1 million KW/h. Most hydropower
stations were small and medium sized, with very few large hydropower stations and
no mega hydropower stations. To obtain accurate vector data regarding the size of the
areas impacted by water reservoirs and hydropower dams, this study assigned a width
of 500 m from the center point of each project. From the circle described by this radius,
4 buffers of different widths were established as concentric circles at 1000 m, 1500 m, 2500 m,
and 5000 m. The human influence scores assigned to each type of water reservoir and
hydropower construction were based on our field investigation, relevant studies [47–49],
and expert judgment, which accounted for the characteristics of each study area. Because
of destruction caused by inundation, reservoirs behind dams were given the largest impact
score of 10. This impact diminished gradually to zero approximately 2.5 km or 5 km
upstream (Table 4).

China’s multi-period Land Use and Cover Change data classified land use into
6 categories and 25 subcategories [50]. We assigned human interference scoring values for
each subcategory of the Land Use and Cover Change data based on relevant studies [30,31]
and expert judgment (Table 5). Shrubland and alpine grassland occur above the timberline,
which begins generally at 3800 m above sea level [51,52]. The types of shrubs and grasses
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that appear below 3800 m are mostly secondary types colonizing after the abandonment of
land use [52] and were assigned human influence scores of 3 and 4. Grazing is common at
altitudes above 3800 m, and grasslands were more disturbed by grazing than shrubland.
Human influence scores of 2 and 1 were assigned to them, respectively. No new canals were
excavated in the research area during the research period. Previously excavated canals were
all modified by sand removal, quarrying, river dredging, etc. The canal mentioned in this
study was either excavated or may have been a natural stream that was modified by human
impact, and we assigned it a score of 2. Cropland, including dry land and paddy fields,
was assigned scores of 7 in the practice of Venter et al. (2016) and Li et al. (2018) [31,53]. In
mountain areas, paddy fields were consistently located in low elevations and dry land at
higher elevations nearer the forest. Paddy fields were more disturbed by humans than dry
land, and human influence scores of 7 and 5 were assigned to them, respectively.

Table 4. Parameter table of influence degree and scope of hydropower and water reservoirs facilities.

Type Dam Region 500–1000 m 1000–1500 m 1500–2500 m 2500–5000 m

large-scale hydraulic project 10 8 4 2 1
Small and medium hydraulic project 10 4 2 1 0

Large hydropower 10 8 4 2 1
Small and medium hydropower 10 2 1 0 0

Table 5. The human influence scores assigned to each land use type based on relevant studies [30,31]
and expert judgment.

Land-Use Type Sub-Type Score

Cultivated Land
paddy field 7

dry land 5

Woodland

forested land (Altitude ≤ 3800) 1
forested land (Altitude > 3800) 0

shrubland (Altitude ≤ 3800) 3
shrubland (Altitude > 3800) 1

sparse forested land (Altitude ≤ 3800) 2
sparse forested land (Altitude > 3800) 0

other woodlands 6

Grassland grassland (Altitude ≤ 3800) 4
grassland (Altitude > 3800) 2

Water Area
canal 2

reservoirs/ponds 3
Lake, permanent glacier snow area, tidal flat, floodplain 0

Industrial and Residential
urban land 10

rural residential area 10
other construction lands 10

Unused Land desert, the Gobi Desert, saline-alkali land, swamp, bare land, bare rock and gravel fields, others 0

2.2.2. Calculation of Ecological Intactness Scores

All data sets were computed with the fuzzy sum function (Function (1)) to obtain
the comprehensive spatial distribution of Human Modification (HM) [30]. The ecological
intactness score (EIS) was calculated on a 10-point scale, using an ArcGIS 10.5 grid calculator
using EIS = 10-HM.

HM = 1.0 − ∏ k
i=1(1 − Fi/10) (1)

where HM is the score of all human interference, and Fi is the score of the i-th type
of interference.

EIS = 10(1.00 − HM) (2)

An ecosystem that is entirely natural and not at all impacted would have an EIS of
10.0, and one that was completely destroyed would have an EIS of 0.0.
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2.2.3. Analysis of the Spatiotemporal Change Trend and Driving Force of EIS

The method of unary linear regression analysis combined with Theil–Sen median
trend analysis was used to calculate the trend of EIS changes in the study area. The results
of the trend analyses are coupled with the Mann–Kendall test of significance for the trends
evident during 1980, 1990, 2000, 2010, 2018, and 2020 [54].

Slope =
n × ∑n

i=1 i × SIi − ∑n
i=1 i ∑n

i=1 SIi

n × ∑n
i=1 i2 − (∑n

i=1 i)2 (3)

In the formula, Slope is the EIS trend slope of a certain grid in 1980, 1990, 2000, 2010,
2018, and 2020; n is the total number of years; and i is the annual ordinal. Slope > 0
indicates that the EIS trend increases, and Slope < 0 indicates that the EIS tends to decrease.

The Mann–Kendall test was used to determine whether the time series data had an
upward or downward trend. The calculation formula is as follows:

Z =

⎧⎪⎪⎨
⎪⎪⎩

S−1√
var(S)

, S > 0

0, S = 0
S+1√
var(S)

, S < 0
(4)

S =
n−1

∑
i=1

n

∑
j=i+1

Sign
(
SIj − SIi

)
(5)

Var(S) =
n(n − 1)(2n + 5)

18
(6)

Sign
(
SIj − SIi

)
=

⎧⎨
⎩

1, SIj − SIi > 0
0, SIj − SIi = 0
−1, SIj − SIi < 0

(7)

We assumed that changes for the EIS were significant at the α = 0.05 confidence level.
We divided the test result ZC into significant change (|ZC| > 1.96) and insignificant change
|ZC| < 1.96. Combining the analysis of slope and Z value, we classified the ecological
intactness change trends into five categories: significant degradation, slight degradation,
stable, slight improvement, and significant improvement (see Table 6).

Table 6. The classification standard of ecological intactness changes categories.

Slope Z Value Category

≥0.0005 >1.96 or <−1.96 significant improvement
≥0.0005 −1.96–1.96 slight improvement

−0.0005–0.0005 −1.96–1.96 stable
<−0.0005 >1.96 or <−1.96 significant degradation
<−0.0005 −1.96–1.96 slight degradation

We employed the Geodetector to analyze the driving force of EIS. The Geodetector is a
statistical method to detect spatial stratified heterogeneity and reveal the driving factors
behind it; this statistical method with no linear hypothesis has an elegant form and definite
physical meaning [55,56].

2.2.4. Analysis of the Relationship between Ecological Intactness and Giant Panda
Habitat Suitability

To understand the environmental characteristic of giant panda signs and the coupling
relationship between ecological intactness and habitat suitability, we analyzed the habitat
suitability of giant pandas within the study area. Currently, species distribution models
(SDMs) are commonly used to predict the geographic range of a species [57,58]. As one
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of the SDMs, the MaxEnt algorithm, was a proven powerful model when modeling rare
species with narrow ranges and scarce presence-only occurrence data, and has been widely
used in giant panda habitat assessment work [59–61].

This study employed MaxEnt models to evaluate the habitat suitability index (HSI) for
the study area, with the habitat suitability index (HSI) ranging from 0 (unsuitable) to 1 (most
suitable) [59]. The input variables included altitude, slope, vegetation type, annual average
temperature, maximum yearly temperature, minimum yearly temperature, and annual
rainfall [61]. We analyzed habitat suitability without considering human disturbance to
avoid autocorrelation with the results of EIS. The parameters for model running were set
as follows: we used 1066 giant panda signs, which came from the Fourth National Giant
Panda Census, and selected 75% of the total 1066 presence data (n = 800) as training data,
and the remaining 25% of presence data (n = 266) were used for testing the model. The
habitat suitability index (HSI) map was obtained by the average training AUC (0.963) and
test AUC (0.960), indicating that the performance of the model was reliable.

Next, we used linear regression analysis to analyze the correlations between EIS
and HIS using the method of random point sampling [2]. Two types of points data were
analyzed, which were giant panda signs that came from the Fourth National Giant Panda
Census and 1000 random sample points from the study area. To further understand
the ecological intactness characteristic of the giant panda habitat, we analyzed the EIS
components by randomly sampling 1000 points from each type of giant panda realistic
habitat, giant panda suitable habitat, and marginally suitable habitat, which were obtained
from the Fourth National Giant Panda Census [62]. The technical framework of the study
is shown in Figure 2.

 
Figure 2. Flow chart of EIS calculation and technical framework of this study.

206



Diversity 2022, 14, 485

3. Results

3.1. Spatial Characteristics of EIS

In general, the study area has a high level of intactness (6.4 ± 2.2) (Figure 3), and the
GPNP (7.1 ± 1.6) is more intact than exterior areas (6.0 ± 2.5). Most areas (92.6%) of the
GPNP are above 6.0 (Figure 4A,B). One-fifth of the GPNP (about 4171.8 km2) has an EIS of
more than 9.0, which belongs to the intact ecosystem in the strict sense (Figure 5B).

Figure 3. Spatial distribution pattern of different intactness levels in the study area in 2018.

In terms of spatial characteristics, from the comparison of mountain systems in the
study area, the order of intactness levels is the mountains of Minshan (6.5 ± 2.2) > Daxian-
gling (6.3 ± 2.6) > Qionglaishan (6.1 ± 2.2) > Qinling (6.0 ± 2.3). The EIS in GPNP in the
mountains of Qionglaishan, Minshan, Qinling, and Daxiangling was 6.9 ± 1.5, 7.2 ± 1.5,
7.1 ± 2.2, and 7.9 ± 1.5, respectively.

Within GPNP, the EIS in the east of Qionglaishan and south of Minshan was relatively
lower than in other regions. Additionally, the ecological intactness scores in the north of
Qionglaishan, south of Daxiangling, and middle of Minshan were relatively high (Figure 3).

Comparing the EIS levels of different altitude ranges, the mean EIS at elevations less
than 1200 m was 6.0. The mean EIS values from 1200 m to 4000 m were between 6.5 and 7.5,
and the EIS above 4000 m mean scores exceeded 7.5. Mean intactness scores below 1200 m
in the GPNP were significantly higher than scores at the same altitudinal range in exterior
areas (Figure 5A).
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Figure 4. The area (A) and area proportion (B) of different ecological intactness scores within GPNP
and exterior areas (EA) in the study area.

 

Figure 5. Ecological intactness score of different elevations between the GPNP and exterior areas (EA)
for 2018 (A) and 40 years time-series dynamics for different elevations (B). * indicates a significant
difference, and no mark indicates an insignificant difference.
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3.2. Fourty-Year Intactness Trends and Driving Force in GPNP

The mean intactness scores in the GPNP from 1980 to 2020 are shown in Figure 6. The
mean EIS for 1980, 1990, 2000, 2010, 2018, and 2020 were 7.2 ± 1.4, 7.2 ± 1.4, 7.1 ± 1.4,
7.1 ± 1.5, 7.1 ± 1.5, and 7.1 ± 1.4, respectively. Scores remained stable during the past
40 years in 79.88% of the GPNP (Figure 7). Ecological intactness underwent degradation in
approximately 14.77% of the GPNP, of which about 0.99% (96 km2) declined significantly.
The areas showing a downward trend are mainly distributed along valleys and low-altitude
areas (Figure 7). In 5.35% of the GPNP, intactness scores improved, and significantly so in
0.42% (82.79 km2) of the park.

Figure 6. Characteristics of the ecological intactness change of GPNP from 1980 to 2020.

The mean value of ecological intactness below 1200 m was <7.0, and from 1980 to 2018
ecological intactness diminished (Figure 5B). EIS was stable at all elevations above 1200 m.

The driving force of ecological intactness change was analyzed by the geographic
detector. The result shows that the explanatory rate of land use, road interference, mining
interference, and water reservoirs and hydropower construction was 84.25%, 22.45%, 0.44%,
and 0.017%, respectively. Land use and road penetration (not only road construction, but
also for road usage) are the main factors affecting ecological intactness.

3.3. Relationship between Ecological Intactness and Giant Panda Habitat Suitability Index (HSI)

The correlation was not significant between ecological intactness scores (EIS) and
the habitat suitability index (HIS), which means that a site with a high level of ecological
intactness score does not mean a high level of habitat quality (Figure 8A,B). It can be seen
from Figure 8A that the giant panda signs have a high level of suitability, and the linear
correlation between the HSI and EIS at giant panda signs is not significant. Visual inspection
of the 3D scatter plot is sufficient to detect not only the spatial distribution characteristics
between the EIS and HIS, but also distribution differences concerning altitude (Figure 8C,D).
Giant panda signs are mainly distributed in the areas with an EIS between 6.0 and 9.0. The
realistic habitat of the giant panda is mainly distributed in the regions with an EIS above 6.0
(Figure 9).
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Figure 7. Change slope (A) and change category (B) of ecological intactness in the GPNP.

Figure 8. Linear regression analysis of the relationship between the ecological intactness score( EIS)
and giant panda habitat suitability index (HSI) for giant panda signs (A) and random points (B); 3D
spatial distribution relationship of altitude, ecological intactness score (EIS) and giant panda habitat
suitability index (HSI) for giant panda signs (C) and random points (D).
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Figure 9. The ecological intactness characteristic of giant panda signs, giant panda realistic habitat,
giant panda suitable habitat, and marginally suitable habitat.

4. Discussion

4.1. Ecological Intactness in Giant Panda National Park

This study reveals the ecological intactness status of giant panda habitat ecosystems and
the spatio-temporal changes of human disturbance at the landscape scale. Sichuan GPNP
consists of two parts, one part is the 26 former natural reserves comprising 10,985.36 km2, and
the other is the adjacent area to connect these former natural reserves, comprising about
9191.64 km2. By comparing the EIS in the GPNP and exterior areas (EA), we found that the
currently designated national parks have a higher level of ecological intactness than their
exterior areas (EA). This result is not surprising because the earlier giant panda reserves
were all included in national park management [63]. The GPNP has about 4171.8 km2

(one-fifth of the GPNP) intact ecosystem, where the EIS is higher than 9.0. About 80% of the
GPNP the ecological intactness has remained stable, but14% of the area has shown signs
of slow degradation over the past 40 years. The degraded areas of the GPNP are mainly
located in the adjacent area, which was not strictly managed in the early stage and has
strong human activity. Systematic planning of ecological restoration and wildlife corridor
construction should be carried out in this area.

EIS varies between mountain ranges in national parks; the EIS in the east of Qionglais-
han and south of Minshan were relatively lower than in other regions. This part of GPNP
is close to the populated area of Chengdu Plain and existing intensive human activities. On
the other hand, the ecological intactness in the north of Qionglaishan, south of Daxiangling,
and middle of Minshan were relatively high. These areas are the original giant panda
nature reserves.

We further analyzed the status quo characteristics of regional ecological intactness
in different altitude dimensions; EIS was especially low at elevation >1200 m, where
human interference is intense. Human activities, such as hamlet construction and road
construction, are mostly located in surrounding foothills and valleys, causing fragmentation
of the panda habitat [4]. Li and others reported that free-ranging livestock threatened the
long-term survival of giant pandas, which means that human activities in low-altitude
areas, especially derivative disturbances, such as grazing and wild collection, drove giant
pandas up to more elevated habitats [64–66].
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This study has a close assessment result with global human modification (GHM) for
the ecological intactness of the study area. The EIS result of GHM is twice that of the global
human footprint (GHF), and the EIS of our study is in between. Differences in scale for
resolution for buildings, arable land, night lights, and pastures (1000 m × 1000 m) were
recorded by the global human footprint method [27,53], compared with the data for land
use and coverage used in this study (30 m × 30 m), probably accounted for part of these
discrepancies. GHF mapping of the area land cover types, which does not differentiate the
intensity of the impact of those cover types (crop and pasture), may be the main reason for
the difference [28].

4.2. Ecological Intactness and Habitat Suitability for Giant Panda

The GPNP takes ecological intactness as a conservation goal, whether or not the new
goal can strengthen the protection of giant pandas and giant panda habitats. This study
can give some positive information and strategies for this goal. Analysis shows that giant
panda habitats and panda signs are not located in completely intact or natural areas; this
does not mean that giant pandas do not like the natural habitat environment, but rather,
the result reveals the broad impact of human activities on giant panda habitats. Because
the suitable habitat for giant pandas is distributed on gentle slopes between 1100 m and
2800 m above sea level [44,67], these areas are also vulnerable to human activities such as
roads, farming, and planting. Our result indicates that the EIS scores for the giant pandas’
current habitat and their suitable habitats are at a relatively high level (>6); this level could
be set as a threshold level for management of the human activity. It can also be used as a
standard to adjust the boundaries of national parks; if so, most of the optimum and suitable
habitats for pandas would be included in the protection of the GPNP.

From the spatial relationship between the ecological intactness score (EIS) and giant
panda habitat suitability index (HSI), if a suitable EIS threshold is set, we can see that
the aims to protect the ecological intactness may not only fulfill the habitat suitability
goals, but also cover other giant panda habitats, and this is a potentially comprehensive
conservation strategy.

4.3. Application of EIS in National Parks Management

As an example, this study evaluated the GPNP EIS baseline and measured the 40-year
change. Through our case study in the GPNP, we suggest that ecological intactness will
be an effective indicator for monitoring and assessing the impact of human activities
on regional natural ecosystems. Protected areas with different human pressure baselines
should establish different management measures to improve conservation effectiveness [68].
National parks need the establishment a comprehensive monitoring and evaluation frame-
work including ecological intactness for managing human activities. Feng, Cao et al.
developed a “baseline + change” framework to assess the effectiveness of protected ar-
eas [68]. This valuation framework of “baseline + change” could be taken in the National
Parks monitoring system.

With the development of remote sensing techniques, fine-scale image was easy to
obtain. The data resolution can shift to different levels to fit the management’s needs. It
is recommended to establish a land use management database in national parks combine
with the periodic national land survey and to use high-resolution remote sensing or drone
technology to achieve refined management of national parks. Managers can evaluate
different scales by selecting images with suitable resolutions. Compared with traditional
management indicators, such as forest coverage and forest volume, ecological intactness
may be more comprehensive, and the monitoring costs will be lower.

Setting reasonable scientific goals and selecting appropriate evaluation protocols are
key issues for the management of natural ecosystems preserves everywhere [6]. Otherwise,
landscape patterns may change, and natural ecosystems may undergo undesirable modifi-
cations. National parks are the most strictly managed protected areas in China, and human
activities are strictly restricted in this kind of area. Managers of the new GPNP are faced

212



Diversity 2022, 14, 485

with resolving many issues, among them the selection of ecological intactness thresholds
for different managing zones. The GPNP is divided into two main zones including the
core protection zone and the general control zone [69]. The EIS thresholds of the general
control zone could be lower than the core protection zone, allowing for certain types of
human activities such as ecological restoration, habitat improvement, and new corridor
construction [63]. This idea of differentiated control target setting may help the effective
carry out of post-2020 biodiversity conservation work.

5. Conclusions

This study provided an evaluation method combining remote sensing and field inves-
tigation to reveal ecological intactness. We synthesized a map of the ecological intactness,
which spatially and intuitively showed the intensity of human activities in Giant Panda
National Park and its adjacent areas. We assessed the current status and identified the
historical changes from 1980 to 2020 of the ecological intactness caused by human impacts
on the landscape scale. This study found that Giant Panda National Park has a high
ecological intactness baseline but still can be improved. Low-elevation areas (<1200 m)
where a significant decrease occurred should be regarded as the focus of conservation
management. From the mountain system point of view, the ecological intactness in the
north of Qionglaishan, south of Daxiangling, and middle of Minshan were relatively higher
than east of Qionglaishan and south of Minshan. During the past 40 years, the ecological
intactness in most areas of the GPNP remained stable, and about 14% of the area was
degraded. LUCC and road construction were the main driving factors for the decrease
of ecological intactness in the GPNP. The habitat of the giant panda is mainly distributed
in the regions with an EIS above 6; this is the key link between ecological intactness and
habitat suitability. Our research recommends that the ecological intactness score (EIS) can
be used as one of the evaluation and monitoring indicators for the protection effectiveness
of the national park.

Author Contributions: Conceptualization, C.L. and P.L.; methodology, C.L. and H.Y.; software, C.L.;
validation, C.L. and H.Y.; formal analysis, C.L.; investigation, C.L., X.W., J.W., H.L., C.M., L.M., H.J.,
S.W., Y.C., Y.H. and W.X.; writing—original draft preparation, C.L.; writing—review and editing, P.L.
and S.L.; visualization, C.L.; supervision, P.L.; project administration, P.L.; funding acquisition, P.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2016YFC0503305),
Management Framework and Capability Building for Development of Ya’an Giant Panda National
Park (NOR/15/301/16/002), and the Sichuan Science and Technology Program of Key Technology
and Demonstration for Biodiversity Conservation in Giant Panda National Park, Grant/Award
Number: 2018SZDZX0036.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: Thanks to Andre F. Clewell for his contribution to improving the language of
the manuscript. We also thank Shaoyao Zhang and Guyue Hu for their help in data acquisition and
analysis for this work.

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

References

1. Mittermeier, R.A.; Myers, N.; Mittermeier, C.G.; Robles Gil, P. Hotspots: Earth’s Biologically Richest and Most Endangered Terrestrial
Ecoregions; CEMEX: Mexico City; Graphic Arts Center Publishing Company: Portland, OR, USA, 2002; pp. 0022–2372.

2. Zhang, J.; Xu, W.; Kong, L.; Hull, V.; Xiao, Y.; Xiao, Y.; Ouyang, Z. Strengthening protected areas for giant panda habitat and
ecosystem services. Biol. Conserv. 2018, 227, 1–8. [CrossRef]

3. Wei, F.; Swaisgood, R.; Hu, Y.; Nie, Y.; Yan, L.; Zhang, Z.; Qi, D.; Zhu, L. Progress in the ecology and conservation of giant pandas.
Conserv. Biol. 2015, 29, 1497–1507. [CrossRef] [PubMed]

213



Diversity 2022, 14, 485

4. Xu, W.; Viña, A.; Kong, L.; Pimm, S.L.; Zhang, J.; Yang, W.; Xiaodong, C.; Zhang, L.; Chen, X.; Liu, J.; et al. Reassessing the
conservation status of the giant panda using remote sensing. Nat. Ecol. Evol. 2017, 1, 1635–1638. [CrossRef] [PubMed]

5. Kang, D.W. A review of the impacts of four identified major human disturbances on the habitat and habitat use of wild giant
pandas from 2015 to 2020. Sci. Total Environ. 2021, 763, 142975. [CrossRef]

6. Tierney, G.L.; Faber-Langendoen, D.; Mitchell, B.R.; Shriver, W.G.; Gibbs, J.P. Monitoring and evaluating the ecological integrity
of forest ecosystems. Front. Ecol. Environ. 2009, 7, 308–316. [CrossRef]

7. Haurez, B.; Daïnou, K.; Vermeulen, C.; Kleinschroth, F.; Mortier, F.; Gourlet-Fleury, S.; Doucet, J.-L. A look at Intact Forest
Landscapes (IFLs) and their relevance in Central African forest policy. For. Policy Econ. 2017, 80, 192–199. [CrossRef]

8. Beyer, H.L.; Venter, O.; Grantham, H.S.; Watson, J.E. Substantial losses in ecoregion intactness highlight urgency of globally
coordinated action. Conserv. Lett. 2019, 13. [CrossRef]

9. Machado, A. An index of naturalness. J. Nat. Conserv. 2003, 12, 95–110. [CrossRef]
10. Winter, S. Forest naturalness assessment as a component of biodiversity monitoring and conservation management. Forestry 2012,

85, 293–304. [CrossRef]
11. Hansen, A.J.; Noble, B.P.; Veneros, J.; East, A.; Goetz, S.J.; Supples, C.; Watson, J.E.M.; Jantz, P.A.; Pillay, R.; Jetz, W.; et al. Toward

monitoring forest ecosystem integrity within the post-2020 Global Biodiversity Framework. Conserv. Lett. 2021, 14, e12822.
[CrossRef]

12. Carter, S.K.; Fleishman, E.; Leinwand, I.I.F.; Flather, C.H.; Carr, N.B.; Fogarty, F.A.; Leu, M.; Noon, B.R.; Wohlfeil, M.E.; Wood,
D.J.A. Quantifying Ecological Integrity of Terrestrial Systems to Inform Management of Multiple-Use Public Lands in the United
States. Environ. Manag. 2019, 64, 1–19. [CrossRef] [PubMed]

13. CBD. Ecosystem Integrity and International Policy; Wildlife Conservation Society (WCS): New York, NY, USA, 2021.
14. Reza, M.I.H.; Abdullah, S.A. Regional Index of Ecological Integrity: A need for sustainable management of natural resources.

Ecol. Indic. 2011, 11, 220–229. [CrossRef]
15. Roche, P.K.; Campagne, C.S. From ecosystem integrity to ecosystem condition: A continuity of concepts supporting different

aspects of ecosystem sustainability. Curr. Opin. Environ. Sustain. 2017, 29, 63–68. [CrossRef]
16. Karr, J.R.; Larson, E.R.; Chu, E.W. Ecological integrity is both real and valuable. Conserv. Sci. Pr. 2021, 4, e583. [CrossRef]
17. Chiarucci, A.; Piovesan, G. Need for a global map of forest naturalness for a sustainable future. Conserv. Biol. 2019, 34, 368–372.

[CrossRef]
18. The Forest Law of the People’s Republic of China Revised in 2019; Congress The National People’s: Beijing, China, 2019.
19. Chazdon, R.L.; Brancalion, P.H.S.; Laestadius, L.; Bennett-Curry, A.; Buckingham, K.; Kumar, C.; Moll-Rocek, J.; Vieira, I.C.G.;

Wilson, S.J. When is a forest a forest? Forest concepts and definitions in the era of forest and landscape restoration. Ambio 2016,
45, 538–550. [CrossRef]

20. Jones, G.M.; Keane, J.J.; Gutiérrez, R.J.; Peery, M.Z. Declining old-forest species as a legacy of large trees lost. Divers. Distrib. 2017,
24, 341–351. [CrossRef]

21. Morales-Hidalgo, D.; Oswalt, S.; Somanathan, E. Status and trends in global primary forest, protected areas, and areas designated
for conservation of biodiversity from the Global Forest Resources Assessment 2015. For. Ecol. Manag. 2015, 352, 68–77. [CrossRef]

22. Luyssaert, S.; Schulze, E.-D.; Börner, A.; Knohl, A.; Hessenmöller, D.; Law, B.; Ciais, P.; Grace, J. Old-growth forests as global
carbon sinks. Nature 2008, 455, 213–215. [CrossRef]

23. Vertessy, R.A.; Watson, F.G.; O′sullivan, S.K. Factors determining relations between stand age and catchment water balance in
mountain ash forests. For. Ecol. Manag. 2001, 143, 13–26. [CrossRef]

24. Brookhuis, B.; Hein, L. The value of the flood control service of tropical forests: A case study for Trinidad. For. Policy Econ. 2016,
62, 118–124. [CrossRef]

25. Watson, J.E.M.; Evans, T.; Venter, O.; Williams, B.; Tulloch, A.; Stewart, C.; Thompson, I.; Ray, J.C.; Murray, K.; Salazar, A.; et al.
The exceptional value of intact forest ecosystems. Nat. Ecol. Evol. 2018, 2, 599–610. [CrossRef] [PubMed]

26. McGowan, P.J.K. Mapping the terrestrial human footprint. Nature 2016, 537, 172–173. [CrossRef] [PubMed]
27. Venter, O.; Sanderson, E.W.; Magrach, A.; Allan, J.R.; Beher, J.; Jones, K.R.; Possingham, H.P.; Laurance, W.F.; Wood, P.; Fekete,

B.M.; et al. Sixteen years of change in the global terrestrial human footprint and implications for biodiversity conservation. Nat.
Commun. 2016, 7, 12558. [CrossRef] [PubMed]

28. Theobald, D.M.; Kennedy, C.; Chen, B.; Oakleaf, J.; Baruch-Mordo, S.; Kiesecker, J. Earth transformed: Detailed mapping of global
human modification from 1990 to 2017. Earth Syst. Sci. Data 2020, 12, 1953–1972. [CrossRef]

29. Theobald, D.M. Estimating natural landscape changes from 1992 to 2030 in the conterminous US. Landsc. Ecol. 2010, 25, 999–1011.
[CrossRef]

30. Theobald, D.M. A general model to quantify ecological integrity for landscape assessments and US application. Landsc. Ecol.
2013, 28, 1859–1874. [CrossRef]

31. Li, S.; Wu, J.; Gong, J.; Li, S. Human footprint in Tibet: Assessing the spatial layout and effectiveness of nature reserves. Sci. Total
Environ. 2018, 621, 18–29. [CrossRef]

32. Song, X.-P.; Hansen, M.C.; Stehman, S.V.; Potapov, P.V.; Tyukavina, A.; Vermote, E.F.; Townshend, J.R. Global land change from
1982 to 2016. Nature 2018, 560, 639–643. [CrossRef]

33. Lovejoy, T.E. Eden no more. Sci. Adv. 2019, 5, eaax7492. [CrossRef]

214



Diversity 2022, 14, 485

34. Potapov, P.; Hansen, M.C.; Laestadius, L.; Turubanova, S.; Yaroshenko, A.; Thies, C.; Smith, W.; Zhuravleva, I.; Komarova, A.;
Minnemeyer, S.; et al. The last frontiers of wilderness: Tracking loss of intact forest landscapes from 2000 to 2013. Sci. Adv. 2017,
3, e1600821. [CrossRef] [PubMed]

35. Liu, J.; Dietz, T.; Carpenter, S.R.; Alberti, M.; Folke, C.; Moran, E.; Pell, A.N.; Deadman, P.; Kratz, T.; Lubchenco, J.; et al.
Complexity of Coupled Human and Natural Systems. Science 2007, 317, 1513–1516. [CrossRef] [PubMed]

36. Lück-Vogel, M.; O’Farrell, P.J.; Roberts, W. Remote sensing based ecosystem state assessment in the Sandveld Region, South
Africa. Ecol. Indic. 2013, 33, 60–70. [CrossRef]

37. Wei, W.; Swaisgood, R.; Dai, Q.; Yang, Z.; Yuan, S.; Owen, M.A.; Pilfold, N.W.; Yang, X.; Gu, X.; Zhou, H.; et al. Giant panda
distributional and habitat-use shifts in a changing landscape. Conserv. Lett. 2018, 11, e12575. [CrossRef]

38. State Forestry Administration. The Giant Pandas of China: Status Quo, Major Findings of the Fourth National Survey on Giant Panda;
Science Press: Beijing, China, 2015.

39. State Forestry Administration. The 3th National Survey Report on Giant Panda in China; Science Press: Beijing, China, 2006.
40. IUCN. Sichuan Giant Panda Sanctuaries—Wolong, Mount Siguniang & Jiajin Mountains—2020 Conservation Outlook Assessment;

IUCN: Gland, Switzerland, 2020.
41. Zhang, Y.; Mathewson, P.D.; Zhang, Q.; Porter, W.P.; Ran, J. An ecophysiological perspective on likely giant panda habitat

responses to climate change. Glob. Chang. Biol. 2017, 24, 1804–1816. [CrossRef] [PubMed]
42. 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]
43. He, K.; Dai, Q.; Gu, X.; Zhang, Z.; Zhou, J.; Qi, D.; Gu, X.; Yang, X.; Zhang, W.; Yang, B.; et al. Effects of roads on giant panda

distribution: A mountain range scale evaluation. Sci. Rep. 2019, 9, 1–8. [CrossRef]
44. Xu, W.; Ouyang, Z.; Viña, A.; Zheng, H.; Liu, J.; Xiao, Y. Designing a conservation plan for protecting the habitat for giant pandas

in the Qionglai mountain range, China. Divers. Distrib. 2006, 12, 610–619. [CrossRef]
45. Kang, D.; Wang, X.; Yang, H.; Duan, L.; Li, J. Habitat use by giant pandas (Ailuropoda melanoleuca) in relation to roads in the

Wanglang Nature Reserve, People’s Republic of China. Can. J. Zool. 2014, 92, 715–719. [CrossRef]
46. Li, J.; Zhang, T.T.; Yang, W.; Zhang, Y. The Environmental Impact of Mining and Its Countermeasures 2016. MATEC Web Conf.

2016, 63, 7. [CrossRef]
47. Liu, S.L.; Zhao, Q.H.; Wen, M.X.; Deng, L.; Dong, S.; Wang, C. Assessing the impact of hydroelectric project construction on the

ecological integrity of the Nuozhadu Nature Reserve, southwest China. Stoch. Environ. Res. Risk Assess. 2013, 27, 1709–1718.
[CrossRef]

48. Chong, X.Y.; Vericat, D.; Batalla, R.J.; Teo, F.Y.; Lee, K.S.P.; Gibbins, C.N. A review of the impacts of dams on the hydromorphology
of tropical rivers. Sci. Total Environ. 2021, 794, 148686. [CrossRef] [PubMed]

49. Lu, W.W.; Lei, H.M.; Yang, D.W.; Tang, L.; Miao, Q. Quantifying the impacts of small dam construction on hydrological alterations
in the Jiulong River basin of Southeast China. J. Hydrol. 2018, 567, 382–392. [CrossRef]

50. Liu, J.; Liu, M.; Tian, H.; Zhuang, D.; Zhang, Z.; Zhang, W.; Tang, X.; Deng, X. Spatial and temporal patterns of China’s cropland
during 1990–2000: An analysis based on Landsat TM data. Remote Sens. Environ. 2005, 98, 442–456. [CrossRef]

51. Hu, J.C. Giant pandas at Qionglai Mountain(in Chinese). J. Nanchong Norm. Univ. Nat. Sci. Ed. 1986, 1, 21–28.
52. Sichuan Vegetation Cooperative Group, Sichuan. Sichuan Vegetation; Sichuan People’s Publishing House: Chengdu, China, 1980.
53. Venter, O.; Sanderson, E.W.; Magrach, A.; Allan, J.; Beher, J.; Jones, K.R.; Possingham, H.; Laurance, W.F.; Wood, P.; Fekete, B.M.;

et al. Global terrestrial Human Footprint maps for 1993 and 2009. Sci. Data 2016, 3, 160067. [CrossRef]
54. He, Y.; Fan, G.F.; Zhang, X.W.; Liu, M.; Gao, D. Variation of vegetation NDVI and its response to climate change in Zhejiang

Province. Acta Ecol. Sin. 2012, 32, 4352–4362. [CrossRef]
55. Wang, J.-F.; Li, X.-H.; Christakos, G.; Liao, Y.-L.; Zhang, T.; Gu, X.; Zheng, X.-Y. Geographical Detectors-Based Health Risk

Assessment and its Application in the Neural Tube Defects Study of the Heshun Region, China. Int. J. Geogr. Inf. Sci. 2010, 24,
107–127. [CrossRef]

56. Wang, J.-F.; Zhang, T.-L.; Fu, B.-J. A measure of spatial stratified heterogeneity. Ecol. Indic. 2016, 67, 250–256. [CrossRef]
57. Dakhil, M.A.; Halmy, M.W.A.; Liao, Z.; Pandey, B.; Zhang, L.; Pan, K.; Sun, X.; Wu, X.; Eid, E.M.; El-Barougy, R.F. Potential risks

to endemic conifer montane forests under climate change: Integrative approach for conservation prioritization in southwestern
China. Landsc. Ecol. 2021, 36, 3137–3151. [CrossRef]

58. Hirzel, A.H.; Lay, G.L. Habitat suitability modelling and niche theory. J. Appl. Ecol. 2008, 45, 1372–1381. [CrossRef]
59. Li, C.; Connor, T.; Bai, W.; Yang, H.; Zhang, J.; Qi, D.; Zhou, C. Dynamics of the giant panda habitat suitability in response to

changing anthropogenic disturbance in the Liangshan Mountains. Biol. Conserv. 2019, 237, 445–455. [CrossRef]
60. Zhen, J.; Wang, X.; Meng, Q.; Song, J.; Liao, Y.; Xiang, B.; Guo, H.; Liu, C.; Yang, R.; Luo, L. Fine-Scale Evaluation of Giant Panda

Habitats and Countermeasures against the Future Impacts of Climate Change and Human Disturbance (2015–2050): A Case
Study in Ya’an, China. Sustainability 2018, 10, 1081. [CrossRef]

61. Kong, L.Q.; Xu, W.H.; Xiao, Y.; Pimm, S.L.; Shi, H.; Ouyang, Z.Y. Spatial models of giant pandas under current and future
conditions reveal extinction risks. Nat. Ecol. Evol. 2021, 5, 1309–1316. [CrossRef] [PubMed]

62. Sichuan Forestry Department. The 4th Survey Report on Giant Panda in Sichuan Province; Sichuan Science and Technology Press:
Chengdu, China, 2015.

215



Diversity 2022, 14, 485

63. Li, C.; Yu, J.; Wu, W.; Hou, R.; Yang, Z.; Owens, J.R.; Gu, X.; Xiang, Z.; Qi, D. Evaluating the efficacy of zoning designations for
national park management. Glob. Ecol. Conserv. 2021, 27, e01562. [CrossRef]

64. Li, B.V.; Pimm, S.L.; Li, S.; Zhao, L.; Luo, C. Free-ranging livestock threaten the long-term survival of giant pandas. Biol. Conserv.
2017, 216, 18–25. [CrossRef]

65. Liu, J.G.; Ouyang, Z.; Taylor, W.W.; Groop, R.; Tan, Y.; Zhang, H. A Framework for Evaluating the Effects of Human Factors on
Wildlife Habitat: The Case of Giant Pandas. Conserv. Biol. 1999, 13, 1360–1370. [CrossRef]

66. Liu, J.; Viña, A. Pandas, Plants, and People. Ann. Mo. Bot. Gard. 2014, 100, 108–125. [CrossRef]
67. Xu, W.; Wang, X.; Ouyang, Z.; Zhang, J.; Li, Z.; Xiao, Y.; Zheng, H. Conservation of giant panda habitat in South Minshan, China,

after the May 2008 earthquake. Front. Ecol. Environ. 2009, 7, 353–358. [CrossRef]
68. Feng, C.; Cao, M.; Liu, F.; Zhou, Y.; Du, J.; Zhang, L.; Huang, W.; Luo, J.; Jun-Sheng, L.; Wang, W. Improving protected area

effectiveness through consideration of different human pressure baselines. Conserv. Biol. 2022. [CrossRef]
69. Huang, Q.; Fei, Y.; Yang, H.; Gu, X.; Songer, M. Giant Panda National Park, a step towards streamlining protected areas and

cohesive conservation management in China. Glob. Ecol. Conserv. 2020, 22, e00947. [CrossRef]

216



Citation: Liang, C.; Liu, L.; Zhang, Z.;

Ze, S.; Ji, M.; Li, Z.; Yu, J.; Yang, B.;

Zhao, N. Do Mixed Pinus yunnanensis

Plantations Improve Soil’s

Physicochemical Properties and

Enzyme Activities? Diversity 2022,

14, 214. https://doi.org/10.3390/

d14030214

Academic Editors: Michael Wink,

Lin Zhang and Jinniu Wang

Received: 12 January 2022

Accepted: 11 March 2022

Published: 14 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Do Mixed Pinus yunnanensis Plantations Improve Soil’s
Physicochemical Properties and Enzyme Activities?

Chen Liang 1, Ling Liu 2, Zhixiao Zhang 2, Sangzi Ze 3, Mei Ji 2, Zongbo Li 4, Jinde Yu 1, Bin Yang 4,*

and Ning Zhao 1,4,*

1 College of Life Sciences, Southwest Forestry University, Kunming 650224, China;
liangchenbb1310@163.com (C.L.); yujinde@swfu.edu.cn (J.Y.)

2 Yunnan Academy of Forestry and Grassland, Kunming 650201, China; liuling_km@126.com (L.L.);
zzx_20071988@163.com (Z.Z.); meiji.emma@163.com (M.J.)

3 Yunnan Forestry and Grassland Pest Control and Quarantine Bureau, Kunming 650051, China;
zesangzi@163.com

4 Key Laboratory of Forest Disaster Warning and Control of Yunnan Province, Southwest Forestry University,
Kunming 650224, China; lizb@swfu.edu.cn

* Correspondence: yangbin48053@swfu.edu.cn (B.Y.); lijiangzhn@swfu.edu.cn (N.Z.)

Abstract: Many survival and ecological problems have emerged in Pinus yunnanensis pure pine
forest plantations that are usually assumed to be solved by creating mixed plantations. On this basis,
we determined the physicochemical properties and enzyme activities of three soil layers in pure
and three types of mixed P. yunnanensis plantation stands (admixed species: Alnus nepalensis, Celtis
tetrandra, and Quercus acutissima) in Southwest China. We used one-way ANOVA with Tukey’s test
to analyze the effects of plantation type and depth on the soil’s properties and variations among
different depths. Principal component analysis combined with cluster analysis was used to evaluate
the soil quality of different forest types comprehensively. The results showed that the stand with a
mixing proportion of 2:1 of P. yunnanensis and A. nepalensis, C. tetrandra, and Q. acutissima had higher
total porosity, moisture content, total nitrogen, available phosphorus, total phosphorus, sucrase,
urease, and catalase enzyme activities than other proportions of mixed forest and P. yunnanensis pine
pure forest. In general, the mixed P. yunnanensis plantation could improve the soil quality, especially
its chemical properties and enzymes. This study provides a basis for creating a mixed-mode of P.
yunnanensis and other tree species that can not only improve the economy of forest land but also
enhance the ecological value.

Keywords: Pinus yunnanensis pure plantation; Pinus yunnanensis mixed plantation; soil; physico-
chemical properties; enzyme activities; principal component analysis and cluster analysis

1. Introduction

Pinus yunnanensis is an ecologically and commercially important tree species dis-
tributed in subtropical Southwest China, with over 4 million hectares in plantations and
natural forested areas [1]. The P. yunnanensis pine forests not only provide a large amount
of high-quality timber and industrial raw materials but also play an important role in
maintaining species diversity, conserving water resources, and retaining soil [2]. In recent
years, because the composition of artificially constructed P. yunnanensis pure pine forests
has become very simple and the planting area too large, a large number of survival and
ecological problems in P. yunnanensis pine plantations have emerged. For example, diseases
and insect pests are becoming more and more serious, the mountain ecosystem security
has been seriously threatened, soil fertility and water retention have declined sharply, and
biodiversity has been severely reduced [3,4]. Therefore, the outlook for pure coniferous
forests is not optimistic. A change in the species composition and structure of forest stands,
the biological characteristics, and the ecology of forest trees is needed to establish a more
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complex and stable forest ecosystem than pure forests provide in order to increase the
ecological and economic benefits of the forest. A large number of studies have proved that
mixed forests play an important role in enhancing soil fertility, improving forest nutrient
status, increasing forest species diversity, improving the stability of stand structure and
productivity, and improving the ecological environment of forest plants [5–7]. Therefore,
planting mixed forests is particularly important. Changing the species structure of forest
stands leads to more complex and stable mixed forests [8]. Mixed forest is an important
form of forest species and tree species allocation in the shelter forest system, and it is
also a good way to form a reasonable structure of tree species. By selecting appropriate
tree species to mix with P. yunnanensis pine, we can make full use of aboveground and
underground energy and space so as to increase the biomass of mixed forests and improve
the soil’ nutrient status of forest land. This provides an important theoretical basis for the
growth of forest vegetation and the construction of P. yunnanensis pine mixed forests.

Changes in plant diversity are known to affect aboveground and belowground ecosys-
tem functioning, including the diversity of belowground communities of organisms [9–13].
Additionally, higher plant diversity may produce a higher biochemical diversity of root
exudates, which further increases the soil’s organic matter content [14]. Soil is an important
part of the forest ecosystem and plays an important role in maintaining the stability of
the terrestrial ecosystem, material circulation, and energy conversion [15]. Soil is also the
foundation of plant growth and development. Soil fertility and quality directly determine
the biological output and function of the forest. Foresters have always relied on knowledge
of the soil’s physiochemical properties to assess the value of the forests [16]. Soil fertility is a
comprehensive reaction of the soil’s physiochemical and biological properties [17]. In terms
of chemical properties, the stoichiometric characteristics of soil N and P can reflect not only
soil fertility but also the composition of soil’s organic matter, soil quality, and the capacity of
nutrient supplies [18]. Therefore, the content and distribution pattern of N and P available
in the soil is important for plant growth. Soil enzymes can promote chemical reactions
in organisms and are the total embodiment of soil’s biological activity [19]. In addition,
soil enzyme activities regulate the function of ecosystems and play a key role in nutrient
cycling, which has been used by scholars as a parameter to evaluate soil quality [20]. The
quality of the soil largely depends on the function of the soil, which indicates a combination
of its physical, chemical, and biological characteristics [21]. The quality of soil nutrients is
the result of the combined effects of soil physics, chemistry, biology, and other factors [22].
It is common to evaluate soil quality and nutrients by measuring the soil’s physicochemical
and biological indexes.

In recent years, a large number of experimental studies have focused on the innovation
of P. yunnanensis cultivation technology, but they lack an understanding of the physical and
chemical properties of P. yunnanensis plantation soil. Therefore, it is important to evaluate
the advantages of different mixed forests by studying soil quality. In this study, the P.
yunnanensis pine pure forest was used as the control group, and different mixed forest
groups were set up to analyze and compare the physicochemical properties and enzyme
activities of soil. This work provides a theoretical reference for establishing a mixed pattern
of P. yunnanensis pine and other tree species, which could not only improve the forest
economy but also enhance its ecological value.

2. Materials and Methods

2.1. Study Area Overview

The total management area of Dongshan Forest Farm in Dali city, Yunnan Province,
China, is 98,300 hm2, including 58,100 hm2 of forest land (44,200 hm2 of natural and 13,900
hm2 of artificial forest). The topography of the forest farm is high in the east and low in the
west. The highest altitude is 2046 m, the lowest altitude is 1416 m, and the average altitude
is 1600 m. The annual sunshine in the forest farm is more than 2700 h, the frost-free period
is 125–150 days, and the annual average precipitation is 500–550 mm. The soil type in this
region is mainly neutral brown soil, with a small amount of cinnamon soil and mountain
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meadow soil. In 2016, according to the distribution of typical forest types of the study
area, six forest stands were constructed and set as study sites; I: Pinus yunnanensis × Alnus
nepalensis (2:1); II: Pinus yunnanensis × Alnus nepalensis (3:1); III: P. yunnanensis × Quercus
acutissima (2:1); IV: P. yunnanensis × Quercus acutissima (3:1); V: P. yunnanensis × Celtis
tetrandra (2:1); VI: P. yunnanensis pure forest. These forest types belonged to undeveloped
forest land before the construction of mixed forests, and the plants on the land were mainly
Heteropogon contortus and Dodonaea viscosa. The six forest types are 100 m apart and do not
interfere with each other. The tree species arrangement of the six forest types is shown in
Figure 1. The soil’s properties before the tree planting were very similar. We assumed that
the local soil’s properties were largely a consequence of plant growth and soil protection of
forest types, and the initial conditions or management for the sites were similar. To reduce
the effects of slope and elevation on the soil’s properties, all the selected plots were taken at
a similar slope (around 4) and elevation (around 1880 m) (Table 1).

Figure 1. Area settings. Forest I: Pinus yunnanensis × Alnus nepalensis (2:1); Forest II: Pinus yunnanensis
× Alnus nepalensis (3:1); Forest III: Pinus yunnanensis × Quercus acutissima (2:1); Forest IV: Pinus
yunnanensis × Quercus acutissima (3:1); Forest V: Pinus yunnanensis × Celtis tetrandra (2:1); Forest VI:
Pinus yunnanensis pure forest. �: Pinus yunnanensis; ♦: Alnus nepalensis; �: Quercus acutissima; �:
Celtis tetrandra, hereinafter the same.

Table 1. Basic information of experimental plots.

Forest Stands Altitude (m) Slope (◦) Latitude Longitude

I 1890 3 N 25◦25′13.46′′ E 100◦29′41.41′′
II 1890 5 N 25◦25′15.17′′ E 100◦29′39.50′′
III 1879 5 N 25◦25′14.17′′ E 100◦29′34.59′′
IV 1895 2 N 25◦25′12.13′′ E 100◦29′52.64′′
V 1895 2 N 25◦25′12.13′′ E 100◦29′52.64′′
VI 1879 2 N 25◦24′56.76′′ E 100◦29′36.00′′

Notes: Forest I: Pinus yunnanensis × Alnus nepalensis (2:1); Forest II: Pinus yunnanensis × Alnus nepalensis (3:1);
Forest III: Pinus yunnanensis × Quercus acutissima (2:1); Forest IV: Pinus yunnanensis × Quercus acutissima (3:1);
Forest V: Pinus yunnanensis × Celtis tetrandra (2:1); Forest VI: Pinus yunnanensis pure forest.
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2.2. Sample Plot Selection and Soil Sample Collection

In March 2016, we selected P. yunnanensis seedlings with consistent and healthy growth
cultivated in seedling base to be transplanted to Dongshan Forest Farm in Midu County,
Dali, Yunnan Province. The tree species used to set the same kind of mixed forest with
different mixed proportions were also seedlings with consistent growth and no diseases
and pests in the plantation. The soil samples were collected in mid-June 2016 and mid-June
2018 in this experiment.

Each plot of each forest type sample plot is more than 100 m apart, and the slope and
planting management measures of the plantations are basically the same. In each forest
type, three plots on the diagonal were taken, and the area of each plot is 625 m2, i.e., 25 m
× 25 m (Figure 2). Thus, a total of 18 standard plots were set up in our study sites. In a 625
m2 plot, five large sample plots of size 5 m × 5 m were set in the four corners and center of
each forest type plot to measure the ground diameter and tree height of P. yunnanensis. In
each 625 m2 plot, five small sample plots of size 2 m × 2 m were selected within the five
large sample plots, and soil samples were divided into soil layers with a diameter of 4 cm.
During sampling, litter on the soil surface was removed, and the sampling depth was 60
cm (divided into three layers of 0–20, 20–40, and 40–60 cm). Soil samples collected from
five 2 m × 2 m plots of 625 m2 were layered and mixed as one replicate, and a total of three
625 m2 areas were used as three replicates. Samples were sealed in soil bags and taken
back to the laboratory for testing. Each layer of soil samples in each repetition was divided
into two parts. One part was sieved and stored in a refrigerator at 4 ◦C to determine the
enzyme activities, and the other was dried naturally at room temperature to remove roots,
stones, and other impurities in the soil sample and then screened for 2 mm to determine
the physicochemical properties of the soil.

Figure 2. The diagram for the positions to collect soil samples in each plot.

2.3. Measurement Items and Methods

A set of three physical variables of the soil was evaluated: bulk density (BD), soil
moisture content (MC), and total porosity (TOP). In the laboratory, undisturbed samples
were weighed, dried in a forced-air oven at 105 ◦C for 48 h, and weighed again. The bulk
density (BD, g/cm3) and total porosity (T porosity, %) were determined by the cutting-ring
method [23]. A total of 20 g of fresh soil was dried in an oven at 105 ◦C to a constant weight,
and the soil’s moisture content was measured by gravimetric analysis [24].

Four chemical variables of the soil were evaluated, pH, total nitrogen (TN), available
phosphorus (AP), and total phosphorus content (TP). Soil pH was determined using a pH
meter with a soil/water ratio of 1:2.5 [25]. The total nitrogen (TN) was determined by the
automatic Kjeldahl method [26]. The total phosphorus (TP) was determined via the acid
solution–molybdenum–antimony anti-colorimetric method [27]. The available phosphorus
(AP) was extracted using 0.5 M NaHCO3 (Olsen) and measured by a spectrophotome-
ter [28].
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Three enzyme activities of soil samples, which were stored in a refrigerator at 4 ◦C,
were measured: urease activity (Ure), sucrase activity (Suc), and catalase activity (Cat). Soil
urease activity (Ure) was determined using the phenol-sodium hypochlorite colorimetric
method, sucrase activity (Suc) was determined using the 3,5-dinitrosalicylic acid colorimet-
ric method, and catalase (Cat) activity was determined using the potassium permanganate
titration method, respectively [29]. Urease activity and sucrase activity were expressed
by the mass of specific substrate (or production of specific substrate) consumed by soil
enzymes in 1 g of dried soil per unit time [30]. Catalase activity was expressed by the
volume of 0.02 mol/L KMNO4 consumed by soil enzymes in 1 g of dried soil per unit
time [31].

We randomly selected ten P. yunnanensis pines from five 5 m × 5 m sample plots in
each forest type and measured their ground diameter and plant height.

2.4. Statistical Analysis

At the beginning of afforestation (2016) and after two years of afforestation (2018),
we selected 10 soil fertility indexes of six forest types for principal component analysis.
The PCs receiving high eigenvalues and comprising variables with high factor loading
were assumed to be the variables that best represent the system attributes. Therefore, we
selected only PCs with eigenvalues n > 1.0. The score of each principal component is
calculated according to the factor load of each principal component and the standardized
mass fraction data. The calculation formula of principal component score (F) is:

F = FAC × λ (1)

where FAC is the normalized data and λ is the arithmetic square root of the eigenvalue.
The composite principal component score (F overall score) is the sum of the product of

each principal component score and its corresponding contribution rate:

F overall score = (F1 × R1 + F1 × R1 + + Fn × Rn)/(R1 + R2+·Rn) (2)

where R is the variance contribution rate.
The comprehensive score of each forest type was taken as a new index to evaluate its

comprehensive quality, the difference of soil quality between different forest types was
measured by Euclidean distance, and the classification average method and the shortest
distance method were used to systematically cluster each treatment.

All statistical data analyses were performed using Microsoft Excel 2010 (Microsoft
Redmond, WA, USA), Origin 8.0 software (Origin Lab Corp., Northampton, MA, USA), and
SPSS software (Ver. 22.0; SPSS Inc., Chicago, IL, USA) for Windows. One-way analyses of
variance (ANOVA) and Duncan’s multiple comparison test were used to assess statistically
significant differences (p < 0.05) among different soil depths under each forest stand.
Pearson correlation analysis was conducted to identify relationships among measured the
soil’s properties.

3. Results

3.1. Effects of Different Forest Types of P. yunnanensis on Soil’s Physicochemical Properties
3.1.1. Soil’s Physical Properties

The results of three physical properties of soil under six forest stands are shown
in Table 2. The soil bulk density showed an upward trend from the top of the soil that
decreased with the increase in soil depth both at the beginning of afforestation (2016) and
after two years of afforestation (2018). The interesting phenomenon is that the soil bulk
density after two years of afforestation of the six forest types was all lower than that at
the beginning of afforestation (2016); the soil bulk density of five P. yunnanensis mixed
forest types was lower than that of the P. yunnanensis pure forest. However, total soil
porosity and moisture content showed the opposite trend to BD; specifically, the total
porosity and moisture content of six forest types showed a decreasing trend from the

221



Diversity 2022, 14, 214

surface layer as the soil depth increased. Of course, the total porosity and moisture content
of the same layer after two years of afforestation (2018) were higher than those at the
beginning of afforestation (2016). Besides this, compared with the P. yunnanensis pure forest,
the P. yunnanensis × C. tetrandra (2:1) (Forest V) mixed forest stand in 0–20 cm soil layer
had the lowest bulk density and the highest total porosity and water content after two
years of afforestation (Figure S1). In addition, the soil’s physical properties of different
mixed proportions were also different in the unified mixed forest type. After two years of
afforestation (2018), the total soil porosity and water content in Forest I and Forest III were
all significantly higher than those in Forest II and Forest IV, respectively. However, at the
beginning of afforestation (2016), there was no significant difference in the soil’s physical
properties among different mixed proportions of the same mixed forest type.

Table 2. Description of soil physical properties under six forest stands at 0–20, 20–40 cm, and 40–60
cm (mean ± stand error, n = 3).

Year
Depth
(cm)

I II III IV V VI

BD (g/cm3)

2016
0–20 1.29 ± 0.04 Aa 1.26 ± 0.06 Aa 1.25 ± 0.04 Ba 1.26 ± 0.02 Ba 1.29 ± 0.04 Aa 1.28 ± 0.03 Ba

20–40 1.37 ± 0.05 ABa 1.37 ± 0.07 ABa 1.40 ± 0.08 Aa 1.39 ± 0.02 Aa 1.38 ± 0.07 Aa 1.39 ± 0.04 Aa

40–60 1.4 ± 0.05 Aa 1.41 ± 0.03 Aa 1.42 ± 0.04 Aa 1.42 ± 0.04 Aa 1.42 ± 0.06 Aa 1.41 ± 0.02 Aa

2018
0–20 1.14 ± 0.07 Aab 1.24 ± 0.04 Aab 1.10 ± 0.02 Aab 1.22 ± 0.02 Aab 1.07 ± 0.15 Ab 1.27 ± 0.03 Ba

20–40 1.19 ± 0.07 Aab 1.28 ± 0.03 Aab 1.20 ± 0.08 ABab 1.31 ± 0.07 Aab 1.13 ± 0.12 Ab 1.36 ± 0.01 Aa

40–60 1.39 ± 0.18 Aa 1.34 ± 0.05 Aa 1.30 ± 0.06 Aa 1.35 ± 0.07 Aa 1.25 ± 0.05 Aa 1.39 ± 0.04 Aa

TOP (%)

2016
0–20 44.53 ± 2.30 Aa 46.88 ± 5.13 Aa 46.86 ± 3.01 Aa 45.88 ± 9.36 Aa 45.36 ± 6.17 Aa 44.61 ± 0.46 Ca

20–40 41.03 ± 1.18 ABa 41.05 ± 7.02 Aa 41.97 ± 2.00 Aba 41.25 ± 4.76 Aa 41.55 ± 1.89 Aa 41.69 ± 1.47 Aa

40–60 37.51 ± 1.32 Bb 37.65 ± 4.15 Ab 37.43 ± 2.47 Bb 37.21 ± 1.91 Ab 37.21 ± 5.99 Ab 37.75 ± 0.73 Ba

2018
0–20 56.07 ± 0.57 Aab 51.75 ± 1.61 Abc 58.33 ± 4.50 Aab 53.46 ± 3.08 Abc 62.96 ± 2.79 Aa 47.88 ± 1.46 Ac

20–40 52.89 ± 3.48 ABab 48.83 ± 2.41 ABbc 55.59 ± 1.84 Aab 50.63 ± 1.87 ABbc 59.2 ± 3.90 Aba 43.61 ± 1.32 Bc

40–60 48.90 ± 0.70 Bab 46.18 ± 1.04 Bb 51.16 ± 1.92 Aa 47.75 ± 1.38 Bab 52.27 ± 2.71 Ba 38.28 ± 1.76 Cc

MC (%)

2016
0–20 27.18 ± 1.01 Aa 26.63 ± 6.58 Aa 27.07 ± 11.31 Aa 27.41 ± 4.49 Aa 28.14 ± 6.36 Aa 27.99 ± 1.20 Aa

20–40 22.32 ± 2.40 Ba 22.1 ± 6.12 Aa 23.84 ± 10.45 Aa 22.07 ± 4.15 Aa 22.78 ± 8.12 Aa 22.72 ± 1.65 Ba

40–60 18.12 ± 0.24 Ca 18.5 ± 4.94 Aa 19.04 ± 4.45 Aa 18.48 ± 5.35 Aa 19.55 ± 6.60 Aa 18.80 ± 1.33 Ca

2018
0–20 38.09 ± 2.31 Ba 34.69 ± 1.02 Cb 39.44 ± 0.74 Cab 33.22 ± 0.51 Cb 42.05 ± 2.56 Bab 28.90 ± 0.71 Cc

20–40 34.36 ± 1.19 Aab 29.34 ± 0.74 Abc 34.27 ± 2.55 Aa 28.53 ± 1.04 Ac 40.64 ± 2.82 Aa 23.65 ± 0.70 Ad

40–60 29.36 ± 1.07 Ab 25.52 ± 0.32 Bc 27.56 ± 2.27 Bb 24.16 ± 1.49 Bc 27.77 ± 0.82 Aa 19.65 ± 1.35 Bd

Notes: BD: bulk density; TOP: total porosity; MC: moisture content. Different capital letters indicate that the
indexes of different soil layers of the same forest type are significantly different (p < 0.05). Different lowercase
letters indicate that there are significant differences in different indexes of different forest types in the same soil
layer (p < 0.05).

3.1.2. Soil’s Chemical Properties

Table 3 shows the results of four of the soil’s chemical properties under six forest
stands. Although the pH values of the three soil layers were not significantly different
(p > 0.05), the soil of the six forest types were weakly acid, and its pH value was in the
range of 4–7. Compared with the P. yunnanensis pure forest, P. yunnanensis mixed with A.
nepalensis, Q. acutissima, C. tetrandra, and P. yunnanensis reduced the soil’s acidity. The soil’s
TN, TP, and AP content from most of the forest stands significantly decreased with the
deepening of the soil depth (p < 0.05). Interestingly, the TP and AP content after two years
of afforestation (2018) were higher than those at the beginning of afforestation (2016). In
addition, after two years of afforestation, Forest III had the highest mean TN content of
both the soil depths, Forest V had the highest TP content of both the soil depths, and Forest
I had the same AP content at both the soil depths (Figure S2). Besides this, the soil chemical
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properties of different mixed proportions were also different in the unified mixed forest
type. After two years of afforestation (2018), the soil’s TN, TP, and AP content in Forest I
and Forest III were all significantly higher than that in Forest II and Forest IV, respectively.

Table 3. Description of the soil’s chemical properties under six forest stands at 0–20, 20–40, and 40–60
cm (mean ± stand error, n = 3).

Year
Depth
(cm)

I II III IV V VI

pH

2016
0–20 4.71 ± 0.16 Ba 4.74 ± 0.26 Aa 4.74 ± 0.53 Ba 4.74 ± 0.15 Aa 4.69 ± 0.53 Aa 4.72 ± 0.2 Aa

20–40 4.79 ± 0.02 ABa 4.82 ± 0.19 Aa 4.83 ± 0.52 ABa 4.85 ± 0.40 Aa 4.78 ± 0.69 Aa 4.81 ± 0.18 Aa

40–60 4.92 ± 0.78 Aa 4.91 ± 0.22 Aa 4.96 ± 0.94 Aa 4.92 ± 1.14 Aa 4.94 ± 0.43 Aa 4.93 ± 0.35 Aa

2018
0–20 4.50 ± 0.72 Aa 4.48 ± 0.51 Aa 5.08 ± 0.34 Aa 4.61 ± 0.27 Aa 4.60 ± 0.57 Aa 4.96 ± 0.32 Aa

20–40 5.30 ± 0.49 Aa 4.79 ± 0.77 Aa 5.05 ± 0.67 Aa 4.68 ± 0.33 Aa 4.75 ± 0.36 Aa 4.83 ± 0.23 Aa

40–60 5.09 ± 0.72 Aa 5.47 ± 0.38 Aa 5.24 ± 0.35 Aa 5.05 ± 0.16 Aa 5.02 ± 0.21 Aa 4.78 ± 0.32 Aa

TN (g/kg)

2016
0–20 0.46 ± 0.06 Aa 0.51 ± 0.16 Aa 0.50 ± 0.15 Aa 0.47 ± 0.10 Aa 0.47 ± 0.28 Aa 0.48 ± 0.04 Aa

20–40 0.17 ± 0.02 Ba 0.22 ± 0.08 Ba 0.22 ± 0.09 Ba 0.23 ± 0.01 Ba 0.21 ± 0.03 Ba 0.19 ± 0.04 Ba

40–60 0.15 ± 0.04 Ba 0.17 ± 0.05 Ba 0.16 ± 0.06 Ba 0.18 ± 0.05 Ba 0.13 ± 0.02 Ba 0.14 ± 0.03 Ba

2018
0–20 0.74 ± 0.03 Aab 0.71 ± 0.04 Abc 0.81 ± 0.04 Aa 0.62 ± 0.02 Ac 0.68 ± 0.05 Abc 0.51 ± 0.04 Ad

20–40 0.49 ± 0.05 Ba 0.29 ± 0.04 Bb 0.56 ± 0.03 Ba 0.26 ± 0.04 Bb 0.32 ± 0.03 Bb 0.22 ± 0.04 Bb

40–60 0.24 ± 0.03 Cab 0.19 ± 0.04 Cab 0.28 ± 0.04 Ca 0.18 ± 0.03 Cb 0.21 ± 0.03 Cab 0.17 ± 0.04 Cb

TP (g/kg)

2016
0–20 0.24 ± 0.14 Aa 0.23 ± 0.08 Aa 0.27 ± 0.11 Aa 0.23 ± 0.06 Aa 0.27 ± 0.02 Aa 0.25 ± 0.03 Aa

20–40 0.17 ± 0.1 Aa 0.18 ± 0.05 ABa 0.20 ± 0.07 Aa 0.17 ± 0.05 ABa 0.18 ± 0.06 Ba 0.19 ± 0.04 Ba

40–60 0.15 ± 0.06 Aa 0.14 ± 0.04 Ba 0.14 ± 0.04 Aa 0.14 ± 0.08 Ba 0.15 ± 0.08 Ba 0.16 ± 0.04 Ba

2018
0–20 0.51 ± 0.34 Aab 0.29 ± 0.06 Aab 0.37 ± 0.05 Aab 0.35 ± 0.04 Aab 0.51 ± 0.23 Aa 0.27 ± 0.02 Ab

20–40 0.29 ± 0.06 ABab 0.24 ± 0.04 Aab 0.31 ± 0.03 Aab 0.27 ± 0.02 Bab 0.34 ± 0.04 Ba 0.21 ± 0.05 Ab

40–60 0.26 ± 0.03 Ba 0.2 ± 0.08 Aa 0.25 ± 0.03 Ba 0.26 ± 0.03 Ba 0.28 ± 0.02 Ca 0.19 ± 0.06 Ba

Available P (mg/kg)

2016
0–20 2.29 ± 1.00 Aa 2.31 ± 0.63 Aa 2.32 ± 0.47 Aa 2.31 ± 0.47 Aa 2.24 ± 0.58 Aa 2.27 ± 0.14 Aa

20–40 2.10 ± 0.37 Aa 2.12 ± 0.24 ABa 2.14 ± 0.75 Aa 2.13 ± 0.22 Aa 2.08 ± 0.54 Aa 2.03 ± 0.06 Ba

40–60 1.91 ± 0.82 Aa 1.93 ± 0.39 Ba 1.94 ± 0.96 Aa 1.95 ± 0.48 Aa 1.84 ± 0.64 Aa 1.87 ± 0.16 Ca

2018
0–20 2.97 ± 0.05 Aa 2.68 ± 0.28 Aab 2.78 ± 0.24 Aab 2.73 ± 0.15 Aab 2.94 ± 0.16 Aa 2.36 ± 0.11 Ab

20–40 2.53 ± 0.12 Ba 2.27 ± 0.10 Bab 2.45 ± 0.14 Bab 2.25 ± 0.09 Bab 2.32 ± 0.17 Bab 2.14 ± 0.12 ABb

40–60 2.25 ± 0.21 Ca 2.11 ± 0.07 Ba 2.19 ± 0.14 Ba 2.16 ± 0.03 Ba 2.13 ± 0.30 Ba 2.02 ± 0.21 Ba

Notes: Available P: available phosphorus content; TP: total phosphorus content; TN: total nitrogen content.
Different capital letters indicate that the indexes of different soil layers of the same forest type are significantly
different (p < 0.05). Different lowercase letters indicate that there are significant differences in different indexes of
different forest types in the same soil layer (p < 0.05).

3.2. Effect of Different Forest Types of P. yunnanensis on Soil Enzyme Activity

The results of soil enzyme activity in six different P. yunnanensis forest stands are
shown in Table 4. The soil urease activity levels of P. yunnanensis forest types at two
years of afforestation (2018) were all higher than those at the beginning of afforestation
(2016), among which the urease activity of 0–20 cm surface soil was the highest. After
two years of afforestation, the surface soil urease activity of Forest I was the highest, at
563.50 μg/g·24 h, which was significantly higher than that at the beginning of afforestation
(2016) (p < 0.01) (Figure S3A). The soil sucrase activity of six different P. yunnanensis forest
types all decreased significantly with the increase in soil depth (p < 0.05) both at the
beginning of afforestation (2016) and after two years of afforestation (2018). The order of
sucrase activity in different soil layers both at the beginning of afforestation (2016) and after
two years of afforestation (2018) was 0–20 cm > 20–40 cm > 40–60 cm. As shown in Figure
S3B, the sucrase activity of the surface soil after two years of afforestation (2018) of Forest
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III was significantly higher than that of the surface soil at the beginning of afforestation
(2016) (p < 0.01). The soil catalase activities of the six different forest types also showed
a decreasing trend with the increase in soil depth both at the beginning of afforestation
(2016) and after two years of afforestation (2018). After two years of afforestation (2018),
the forest soil surface layer (0–20 cm) had the highest catalase activity, and Forest I had the
highest mean catalase activity, which was 8.12 mg/g·24 h, and Forest VI had the lowest the
catalase activity, which was 7.11 mg/g·24 h. As shown in Figure S3C, in the 0~20 cm soil
layer after two years of afforestation (2018), there was no difference in the catalase activity
of the soil under the same forest type. Obviously, the three enzyme activities of different
mixed proportions were also different in the unified mixed forest type. After two years
of afforestation, the three enzyme activities in Forest I and Forest III were all significantly
higher than that in Forest II and Forest IV, respectively.

Table 4. Description of soil enzyme activities under six forest stands at 0–20, 20–40, and 40–60 cm
(mean ± stand error, n = 3).

Year
Depth
(cm)

I II III IV V VI

Ure (μg/g·24 h)

2016
0–20 268.61 ± 6.89 Ac 345.85 ± 7.75 Aa 229.45 ± 2.29 Ae 226.32 ± 6.09 Ae 248.72 ± 1.30 Ad 294.97 ± 6.79 Ab

20–40 154.73 ± 4.61 Bcd 196.69 ± 6.26 Ba 178.14 ± 5.39 Bb 199.66 ± 9.20 Ba 144.16 ± 8.78 Bd 167.48 ± 3.25 Bbc

40–60 127.03 ± 2.14 Ca 95.00 ± 7.00 Cb 121.93 ± 4.96 Ca 116.7 ± 4.89 Ca 115.06 ± 6.51 Ca 72.12 ± 9.43 Cc

2018
0–20 563.4 ± 12.56 Aa 462.99 ± 5.06 Aab 481.52 ± 1.27 Aa 378.52 ± 11.33 Aab 496.9 ± 5.39 Aab 378.11 ± 7.04 Ab

20–40 447.34 ± 12.74 Ba 346.08 ± 8.88 Bab 329.24 ± 7.32 Bab 263.08 ± 11.81 Bbc 341.41 ± 5.65 Bb 214.98 ± 4.18 Bc

31.93 125.54 ± 9.72 Ca 122.84 ± 7.08 Bbc 181.94 ± 5.26 Ca 153.38 ± 4.92 Cbc 154.58 ± 7.34 Cab 148.88 ± 3.95 Bbc

Suc (mg/g·24 h)

2016
0–20 20.53 ± 1.62 Aa 20.47 ± 2.78 Aa 21.11 ± 1.57 Aa 19.63 ± 2.35 Aa 20.89 ± 3.57 Aa 20.68 ± 2.36 Aa

20–40 13.15 ± 1.45 Ba 14.17 ± 4.74 Aa 12.94 ± 3.60 Ba 14.04 ± 1.48 Ba 13.91 ± 2.61 Ba 13.27 ± 2.17 Ba

40–60 6.41 ± 1.40 Ba 6.75 ± 0.57 Ba 6.47 ± 1.83 Ca 6.27 ± 0.61 Ca 6.16 ± 0.87 Ca 6.38 ± 0.58 Ca

2018
0–20 28.58 ± 2.12 Bab 24.79 ± 2.31 Abc 33.23 ± 3.81 Aa 27.91 ± 3.27 Aab 31.93 ± 3.46 Aa 22.59 ± 1.37 Ac

20–40 19.76 ± 3.58 Ba 18.56 ± 11.67 ABa 23.48 ± 2.78 Ba 18.73 ± 1.99 Ba 21.13 ± 3.36 Ba 15.56 ± 1.99 Ba

40–60 9.16 ± 0.67 Cbc 10.46 ± 1.04 Bbc 13.56 ± 2.54 Ca 8.97 ± 1.93 Cbc 11.53 ± 1.92 Cab 7.63 ± 0.58 Cc

Cat (mg/g·24 h)

2016
0–20 7.09 ± 1.06 Aa 7.37 ± 0.45 Aa 7.1 ± 0.51 Aa 7.28 ± 0.77 Aa 7.01 ± 0.58 Aa 7.05 ± 0.14 Aa

20–40 6.51 ± 0.72 Aa 6.87 ± 0.70 Ba 6.46 ± 0.28 Aa 6.81 ± 0.17 Aa 6.45 ± 1.05 Aa 6.49 ± 0.21 Ba

40–60 6.07 ± 0.78 Aa 6.17 ± 0.48 Ba 6.02 ± 1.04 Aa 6.46 ± 0.47 Aa 6.19 ± 1.55 Aa 6.06 ± 0.15 Ca

2018
0–20 8.12 ± 0.21 Aa 7.48 ± 0.61 Aab 7.52 ± 0.26 Aab 7.36 ± 0.2 Aab 7.74 ± 0.45 Aab 7.11 ± 0.77 Ab

20–40 6.84 ± 0.64 Ba 6.96 ± 0.77 Aa 6.93 ± 0.52 ABa 6.91 ± 0.69 Aa 6.85 ± 0.51 Ba 6.63 ± 0.18 Aa

40–60 6.65 ± 0.72 Ba 6.23 ± 0.50 Aa 6.56 ± 0.32 Ba 6.54 ± 0.49 Aa 6.48 ± 0.23 Ba 6.18 ± 0.48 Ab

Notes: Ure: urease activity; Suc: sucrase activity; Cat: catalase activity. Different capital letters indicate that the
indexes of different soil layers of the same forest type are significantly different (p < 0.05). Different lowercase
letters indicate that there are significant differences in different indexes of different forest types in the same soil
layer (p < 0.05).

3.3. Principal Component Analysis and Cluster Analysis of Soil Fertility in Different Forest Types

As shown in Table 5, the first two components had eigenvalues of magnitude >1. The
variance contribution rate of the principal component 1 (PC1) is 80.755%, which explains
most of the variation in the data, the variance contribution rate of the principal component
2 (PC2) is only 11.770%, and the cumulative variance contribution rate of the PC1 and
PC2 is 92.525%, which basically explains all the variation in the data. Taking the principal
component scores of different forest types as a new index to evaluate the soil fertility quality,
it can be seen that the soil fertility quality of different forest types is ranked as follows:
2018-V > 2018-I > 2018-III > 2018-IV > 2018-II > 2018-VI > 2016-II > 2016-III > 2016-IV >
2016-VI > 2016-V > 2016-I.
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Table 5. Score and overall score of principal components influencing each index of soil fertility.

Forest Type FAC1 F1 FCA2 F2 Foverall score Ranking

2018-I 1.532 4.353 −1.369 −1.485 3.611 2
2018-II 0.411 1.168 −1.130 −1.226 0.863 5
2018-III 1.237 3.515 2.500 2.712 3.413 3
2018-IV 0.384 1.091 −0.359 −0.389 0.903 4
2018-V 1.667 4.736 −0.183 −0.198 4.108 1
2018-VI −0.513 −1.456 1.149 1.247 −1.113 6
2016-I −0.888 2.523 −0.187 −0.203 −2.228 12
2016-II −0.600 −1.704 −0.129 −0.140 −1.505 7
2016-III −0.725 −2.061 0.097 0.105 −1.785 8
2016-IV −0.809 −2.298 −0.104 −0.113 −2.020 9
2016-V −0.864 −2.455 −0.192 −0.208 −2.169 11
2016-VI −0.832 −2.366 −0.092 −0.100 −2.077 10

Taking Euclidean distance as a measure of the sudden fertility difference of different
forest types, the results of the systematic clustering of each forest type by using the shortest
distance method are shown in Figure 3. The twelve forest types were grouped into four
categories, and 2018-I was separately grouped into one category; the soil quality was first
class. 2018-II, 2018-III, and 2018-V were clustered into one class, and the soil quality was
second class. 2018-IV, 2018-VI, and 2016-II were clustered into one class; the soil quality
was third class. 2016-III, 2016-IV, 2016-V, 2016-I, and 2016-VI were clustered into one class;
the soil quality was fourth class.

Figure 3. Hierarchical cluster analysis of the soil fertility of different forest types.

Pearson correlation analysis was used to examine the relationships among these
properties to reduce redundancy (Table 6). Although the soil bulk density was not positively
correlated with pH, it was significantly negatively correlated with other physical and
chemical properties and enzyme activities (p < 0.01). This indicated that the larger the
soil bulk density is, the worse the soil structure is, and the more compact soil is. This
phenomenon will also lead to poor soil ventilation performance, which is not conducive to
the decomposition and transformation of litter nutrients on the surface of forest land and
thus will reduce the mass fraction of forest soil nutrients. There was a significant positive
correlation between the soil water content and TN, AP, TP, and total porosity (p < 0.01). In
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addition, the contents of total nitrogen, total phosphorus and available phosphorus, total
porosity, and moisture content were significantly positively correlated with the activities of
urease, invertase, and catalase (p < 0.01).

Table 6. Pearson correlation coefficients among soil properties.

pH TN TP AP BD TOP MC Ure Suc Cat

pH 1
TN −0.176 1
TP −0.080 0.658 ** 1
AP −0.162 0.845 ** 0.690 ** 1
BD 0.174 −0.659 ** −0.699 ** −0.597 ** 1

TOP −0.086 0.624 ** 0.723 ** −0.670 ** −0.704 ** 1
MC −0.094 0.773 ** 0.755 ** 0.727 ** −0.763 ** 0.881 ** 1
Ure −0.166 0.872 ** 0.618 ** 0.828 ** −0.579 ** 0.625 ** 0.768 ** 1
Suc −0.163 0.859 ** 0.690 ** 0.745 ** −0.681 ** 0.642 ** 0.775 ** 0.814 ** 1
Cat −0.011 0.667 ** 0.467 ** 0.671 ** −0.471 ** 0.496 ** 0.576 ** 0.711 ** 0.617 ** 1

Notes: **, Significant correlation at p < 0.01. BD, soil bulk density; TOP, total porosity; MC: moisture content; TN,
total nitrogen; TP, total phosphorus; AP, available phosphorus; Ure, urease; Cat, catalase; Suc, sucrase.

3.4. Growth Status of Various Tree Species after Two Years of Afforestation

By selecting the P. yunnanensis of four forest types and measuring its ground diameter
and plant height, we found that the P. yunnanensis mixed with A. nepalensis or Q. acutissima
has the highest ground diameter and plant height, which indicates that the A. nepalensis
and Q. acutissima are beneficial to the growth of P. yunnanensis (Figure 4).

Figure 4. The growth status of P. yunnanensis of four forest types after two years of afforestation.

4. Discussion

Soil is the carrier of forest ecological processes and the material base of forest survival.
Soil nutrient status directly affects the growth and metabolism of trees [32]. The mixing
of different tree species inevitably leads to changes in the forest ecosystem, which directly
affects the soil nutrient flow and material circulation, and the soil nutrient content also
changes. Mixed forest stands are different, which leads to certain differences in different
soil physical and chemical properties of different forest stands [33].

Li [15] and Lai [34] showed that different forest types have a significant impact on soil
properties, such as soil’s physical and chemical properties. Different forest types lead to
certain differences in surface litter reserves and their composition, tree root growth and
development, and the litter decomposition rate, resulting in different physical properties of
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the soil of different forest stands [35]. The soil bulk density affects the circulation, storage,
and distribution of water, moisture, and heat in trees. Small bulk density means loose
soil texture and good structure. On the contrary, soil that is compact lacks a granular
structure. This study found that the soil bulk density of the six forest types increased
with increasing soil depth, which is consistent with previous studies [36,37]. Forest III and
Forest V had the lowest bulk density, and Forest VI had the highest bulk density on the soil
surface. This may be due to the single tree species of the P. yunnanensis pine pure forest,
the slow decomposition of litter, and the soil becoming compact, which is not conducive to
the long-term utilization of forest land. It indicated that P. yunnanensis pine mixed with
other species had better soil infiltration. Q. acutissima is a broad-leaved deciduous tree
species, the litter is easy to decompose, and the activity of the microbial community in the
decomposition process can reduce the compactness of the soil. Soil moisture is an important
component of the forest, which actively participates in the transformation and metabolism
of soil substances [38]. In our study, the surface soil water content was higher than that of
the deep layer, which may be because the litter layer of the mixed forest is thicker and the
evaporation is less, so there is more surface soil moisture storage. The soil water holding
capacity was different among different forest types, and the five mixed forests were higher
than the P. yunnanensis pure pine forest, which was caused by the difference in soil porosity.

The changes in forest type, stand age, and land use can also affect soil’s chemical
properties significantly [39–42]. Generally, the litter of forest plants is distributed on the
soil’s surface, and a large number of nutrient elements are released on the surface of the
soil. With the increase in soil depth, the litter is less and less [43,44]. Therefore, in this study,
the total soil nitrogen, total phosphorus, and available phosphorus of each forest stand
show the phenomenon of surface accumulation, which was consistent with the previous
research [45]. After two years of afforestation (2018), the soil’s TN, TP, and AP content in
Forest I and Forest III were all higher than that in other forest types. The reason for this
was that the nitrogen content in the middle leaf of A. nepalensis is higher than that in the
leaves of other plants, and the degradation of leaf litter provides a large amount of nitrogen
to the soil and improves soil fertility [46]. Forrester et al. [47] found that nitrogen content
and nitrogen assimilation in the soil litter of mixed forests were higher than those of pure
forests, which led to the content of available nitrogen and phosphorus in the soil of mixed
forests being higher than that of pure forests. However, the soil’s TN, TP, and AP content
in Forest VI were lowest in six forest types; the reason is that the needles of P. yunnanensis
have a coarse and hard texture, high cellulose content, waxy epidermis, and poor water
permeability, so it is difficult to decompose and transform, which affects the accumulation
of organic matter in soil [48]. This study also showed that the difference between TN
and TP in mixed forests was basically not significant because soil TP mainly comes from
rock weathering and litter decomposition, which is a long process [49]. TN mainly comes
from the degradation of litter; the difference in TN among forest types is basically not
significant, which may be related to the close litter and slow decomposition. In summary,
the P. yunnanensis mixed forest had improved the soil quality, which was consistent with
the research of Wang [50]. They showed that mixed forests promote increases in soil organic
matter, N and P content, improve soil nutrient status, and help to sustain soil fertility.

In this study, after two years of afforestation, three enzymes of five P. yunnanensis pine
mixed forest types were higher than P. yunnanensis pure pine. The results showed that
the mixed forest was beneficial to the accumulation and decomposition rate of forest litter,
increased the amount of nutrient return, improved nutrient availability, and accelerated soil
nutrient mineralization [51]. Pure forest could inhibit the decomposition activities of soil
microorganisms due to its allelopathic effect. Interestingly, the three kinds of soil enzyme
activities in the surface soil (0–20 cm) of different mixed models were higher than those in
the deep soil (40–60 cm). Yang et al. also found that the soil urease, sucrase, and catalase
enzyme activities decreased with the increase in soil depth before and after afforestation,
which was consistent with the research results of Yang [52]. The reasons for this vertical
decrease in soil enzyme activity are that there were more litter and microorganisms in

227



Diversity 2022, 14, 214

the surface soil of the mixed forest, and the physiological and biochemical reactions of
soil microorganisms and various enzymes were intense, while there were less litter and
microorganisms in the deep soil, and the physiological and biochemical reactions were
relatively stable [53]. Another reason is that the surface soil has a rich root system that
penetrates the whole topsoil layer so that the enzyme activity in the surface soil is higher
than that in the deep soil [54]. Sucrase comes from plant roots and microorganisms, which
can catalyze the hydrolysis of sucrose into glucose and sucrose, which plays an important
role in soil carbon and nitrogen cycling [55]. Catalase can promote the oxidation of various
compounds by hydrogen peroxide, reduce the toxic effect of hydrogen peroxide in soil,
and also reflect the total respiratory intensity in soil. In this study, different mixed modes
had no significant effect on catalase activity, which may be related to tree species types
and tree species growth stages. Zhou et al. [56] proved that the soil sucrase and catalase
activities increased with the increase in forest age of the top Chinese prickly ash green
food. In our study, the three enzyme activities in the topsoil of the six forest types after
two years of afforestation (2018) were higher than those at the beginning of afforestation
(2016). Therefore, long-term monitoring of soil enzyme activity in different mixed forests
can be carried out in the future. Urease is a key enzyme in nitrogen cycling, which can
catalyze the hydrolysis of urea. NH3 formed by hydrolysis is one of the nitrogen sources of
plants, and its activity can reflect the nitrogen supply capacity and level of soil [57]. In our
study, after two years of afforestation, Forest I had the highest urease activities, which is
mainly due to the presence of the nitrogen-fixing plant A. nepalensis. Nitrogen-fixing plants
can often significantly increase soil organic matter and soil nitrogen [58]. For example,
Wang et al. showed that the organic matter and nitrogen contents in the surface soil of
an artificial forest of nitrogen-fixing trees were 40–50% and 20–50% higher than those of
non-nitrogen-fixing trees, respectively [59]. At the beginning of afforestation (2016), there
was no significant difference in soil indexes between mixed forest and pure forest. This
may be because even though the forest types are different, this is a new mixed forest and
their original soil conditions are basically the same.

Correlations were also found between these soil indices. There was a correlation
between soil physicochemical properties and enzyme activities [60,61]. In this study,
correlation analysis of physicochemical properties and enzyme activities of surface soil
of six forest types was carried out. Soil enzymes are very sensitive to environmental
changes, such as pH, temperature, and water content [62]. In our study, there was no
significant negative correlation between soil pH and three kinds of soil enzyme activities,
which indicated that if the soil’s acidity is too strong, it will inhibit the enzyme activity. In
addition, we selected ten soil fertility indexes of six forest types for principal component
analysis to evaluate the soil quality of different forest types. Due to the different types of
forest vegetation, there are some differences in the reserves and composition of surface litter,
the growth and development of tree roots, and the decomposition rate of litter, resulting
in the difference in the soil’s nutrient content in different forest types [63]. In our study,
through the comprehensive evaluation and ranking of soil quality of different P. yunnanensis
pine mixed forest types by using the method of principal component analysis and cluster
analysis, it was found that the soil quality of Forest V, Forest III, and Forest I were higher
after two years of afforestation. The fundamental reason is that the species composition
and biological characteristics of different forest types are different, so the quality, quantity,
and decomposition rate of the litter of different forests are different, which affects the soil’s
nutrient content and distribution in different forest types. This indicated that the mixed
pattern of P. yunnanensis pine growing for a certain number of years could improve the
soil’s nutrient content compared with the P. yunnanensis pure forest. On the other hand,
compared with the growth status of P. yunnanensis under the P. yunnanensis pine pure forest,
the growth status of P. yunnanensis pine under the three mixed patterns was relatively
better, and the growth status of P. yunnanensis pine in Forest III was the best. This result
was consistent with the result that the soil quality of Forest I, Forest II, and Forest V was
better than that of Forest VI.
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5. Conclusions

Interplanting different forests under P. yunnanensis forests can increase the soil quality,
which is significant for improving the ecological environment of P. yunnanensis mixed
forests. The results of this study showed that, compared with the P. yunnanensis pure
forest, the P. yunnanensis × A. nepalensis mixed forest could improve soil physicochemical
properties. The ratio of row spacing between P. yunnanensis and the selected mixed tree
species was 2:1, which could make more rational use of soil nutrients and promote the
growth of P. yunnanensis. Among them, such two planting patterns as P. yunnanensis
× Q. acutissima mixed forest and P. yunnanensis × A. nepalensis have outstanding soil
improvement effects, and they are worthy of promotion and application in P. yunnanensis
forests in areas with insect pests.

Although the soil indexes of different P. yunnanensis mixed forests were measured in
this study, their functions were not fully displayed because they were still in the young
forest stage. Therefore, the future soil quality evaluation of the mixed forests needs a lot of
research and long-term positioning observation. This study found that the mixed pattern
of P. yunnanensis pine at the early stage of afforestation was affected by factors such as
growth period and external environment, so proving its feasibility is a long-term process.
Follow-up studies will continue in the later stage of the project to verify the effect of the
P. yunnanensis pine mixed forest model and provide excellent companion trees for the
sustainable management of P. yunnanensis pine mixed forests.
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Abstract: Bark beetle, as a trunk borer, has caused a large number of tree deaths and seriously
damaged the mountain forest ecosystem. Bark beetles oxidize the secondary metabolites of plants,
degrade them, and excrete them from the body or convert them into components needed by the body.
This process is completed by the cooperation of CYPs, GSTs, and CCEs and occurs in different tissues
of the insects, including the gut (i.e., the part where beetle pheromone is produced and accumulated)
and antennae (i.e., the olfactory organ used to sense defensive monoterpenes and other plant-related
compounds and pheromones in the air). In this study, we identified and characterized three gene
superfamilies of CYPs, GSTs, and CCEs involved in the detoxification of endobiotics (e.g., hormones
and steroids) and xenobiotics (e.g., insecticides, sex pheromones, and plant allelochemicals) through
a combination approach of bioinformatics, phylogenetics, and expression profiles. Transcriptome
analyses led to the identification of 113 transcripts encoding 51 P450s, 33 GSTs, and 29 CCEs from
Tomicus yunnanensis Kirkendall and Faccoli, 2008 (Coleoptera, Scolytinae). The P450s of T. yunnanensis
were phylogenetically classified into four clades, representing the majority of the genes in the
CYP3 clan. The CCEs from T. yunnanensis were separately grouped into five clades, and the GST
superfamily was assigned to five clades. Expression profiles revealed that the detoxification genes
were broadly expressed in various tissues as an implication of functional diversities. Our current
study has complemented the resources for the detoxification genes in the family Coleoptera and
allows for functional experiments to identify candidate molecular targets involved in degrading
plants’ secondary metabolites, providing a theoretical basis for insect resistance in mixed forests.

Keywords: cytochrome P450; glutathione S-transferase; carboxylesterases; bark beetles; gene expression

1. Introduction

To withstand the ingestion of insects, plants have developed a defense mechanism
against insects through various methods such as morphology, biochemistry, and molecular
regulation in the long-term evolution process [1]. The production of secondary metabolites
in plants is a way of defending themselves against insects. Various secondary metabolites in
plants can affect the feeding and food utilization of insects, and toxic secondary metabolites
can lead directly to insect death or stunted growth [2,3].

However, in the long-term evolutionary process, insects are constantly adapting to
plant defense mechanisms. Genetic variation in morphology, including polymorphic wing
growth, and differentiation of different types of mouthparts, such as chewing, stabbing,
and sucking [4]. Insects can also use the enzymatic detoxification system, which mainly
includes cytochrome P450 monooxygenases (CYPs), glutathione S-transferases (GSTs), and
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carboxylesterases (CCEs), to improve the ability of insects to metabolize secondary substances
of plants, and cause insects to adapt to the defense mechanism of the host plant [5].

CYPs are a very large and diverse group of enzymes found in all living things. They
constitute a very important system involving endogenous compounds and xenobiotics
such as drugs, pesticides, secondary plant metabolites, mutagens, and hormones [6,7]. In
addition, CYPs can reflect different levels of phylogenetic information such as subtypes,
population, and species. It is a good molecular marker to explore the phylogenetic rela-
tionship between populations and population genetic diversity [8,9]. According to the
similarity of amino acids, the CYPs of insects can be divided into four clades: CYP2, CYP3,
CYP4, and mitochondrial CYP clades [10,11]. When exposed to toxic plant compounds,
insects will induce reactions to other exogenous substances. For example, CYP6AE14 in
Helicoverpa armigera Hübner, 1809 (Lepidoptera, Noctuidae) is involved in the metabolism
of gossypol (plant toxins) [12]. GST is a dimeric protein, which plays an important role in
intracellular metabolism, chemical cycle, and body defense [13]. Insect GST can be divided
into six categories (delta, epsilon, omega, sigma, theta, and zeta). Among them, the delta
and epsilon subtypes are unique to insects, and some GSTs play an important role in plant
antitoxin [14,15]. In research on Dendroctonus armandi Tsai and Li, 1959 (Coleoptera, Scolyti-
nae), it is assumed that DaGSTe1 catalyzes the combination of glutathione with terpenes
and phenolic substances from D. armandi, so that toxic substances are transported out of
the cell, thereby reducing the damage of exogenous toxins from the host to D. armandi [16].
In addition to CYPs and GSTs, another detoxification enzyme is CCE. Insect CCEs belong
to the carboxyl/cholinesterase family, a branch of the α/β-hydrolase fold superfamily in
which enzymes hydrolyze ester bonds, which are present in many plant volatiles, insect
pheromones, and hormones, as well as pesticides [17].

Tomicus yunnanensis Kirkendall and Faccoli, 2008 (Coleoptera, Scolytinae) is one of
the main pests of Pinus yunnanensis, which is widely distributed in Yunnan, Sichuan, and
Guizhou. The whole life cycle of T. yunnanensis is almost entirely on P. yunnanensis [18].
The damage to P. yunnanensis by T. yunnanensis can be divided into two periods: feeding on
treetops and trunks. When feeding on the treetops, the adult worms feed on the pith tissues
of the branches and supplement nutrients to complete their sexual development; when
feeding on the trunk, the mature adult worms transfer from the treetop to the trunk and
feed on phloem, lay eggs, and form mother tunnel and sub tunnel. Then, larvae develop
under the bark, pupate, and emerge, and adults will burrow out of the phloem and return
to the treetops to feed [19,20]. This concealed lifestyle brings many inconveniences to the
study of its habits, prevention, and treatment. T. yunnanensis first broke out in central
Yunnan Province in the 1980s, and then spread to 65 counties in 15 regions of Yunnan
Province, infesting more than 200,000 ha of Yunnan pine forests and blighting more than
93,000 ha of P. yunnanensis, and seriously damaged the mountain forest ecosystem [21]. To
mitigate the damage of this insect, some common measures can play a certain role for a
short time, such as biological control, chemical control and tending, and mixed forest [22].
Among them, the mixed forest has achieved remarkable results in insect resistance and
contributed to the protection of mountain forest ecosystem, but its anti-insect mechanism
still needs further research. The identification of the detoxification genes of T. yunnanensis
enriches the detoxification gene family in Coleoptera and provides data support for future
research on the function of detoxification genes. We hope that the study can provide a
theoretical basis for insect resistance in mixed forests.

2. Materials and Methods

2.1. Insect and Tissue Collection

The adults of T. yunnanensis used in this experiment were originally collected from
Jiulong Mountain Forest Farm in Zhanyi County, Qujing City, Yunnan Province in June 2018.
The antennae, heads, legs, and carcasses (excluding antennae, heads, and legs) of 200 pairs
of male and female adults of T. yunnanensis were collected separately (three groups of
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biological replicates). We quickly froze the collected samples with liquid nitrogen and
stored them in a refrigerator at −80 ◦C. qPCR samples were treated the same way.

2.2. Total RNA Extraction and cDNA Synthesis

Total RNA samples of tissues were isolated using TRIzol Reagent according to the
manufacturer’s protocol (Ambion, Life Technologies, Carlsbad, CA, USA). The quality of
RNA was confirmed using a NanoVue UV–vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and RNA integrity was verified using a standard 1% agarose gel
electrophoresis. Genomic DNA was digested by treatment with DNase I (Fermentas,
Thermo Fisher Scientific, USA). First-strand cDNA was synthesized with a first strand
cDNA synthesis kit (TaKaRa, Dalian, Liaoning, China). The synthesized cDNA templates
were stored at −20 ◦C.

2.3. Library Construction, Sequencing, and Functional Annotation

Oligosaccharide (DT)-containing magnetic beads were used to enrich the mRNAs
in the total RNA of antennae, head, foot, and residue. Then, according to the protocol
in NEBNext® Ultra™ RNA Library Prep Kit for llumina® (NEB, Ipswich, MA, USA),
we cut them into short fragments with a fragment buffer. The first-strand cDNA was
synthesized using this fragment as a template, and then the second-strand cDNA was
synthesized by DNA polymerase I and RNaseH. After purification with AMPure XP beads,
the second-strand cDNA was repaired, α-end ligated, and ligated with indexed adapters.
The products of suitable size were selected, amplified by PCR, and purified with AMPure
XP beads to establish a digital gene expression (DEG) library. Raw reads were processed
through a rigorous filtering process to eliminate low-quality reads (base calling). The
clean reads were then assembled using Trinity (v2.4.0) and then grouped using Corset
(v1.0.5) to eliminate redundant data in the assembled transcripts. [23]. Databases used
for annotation included the non-redundant nucleotide (Nt), non-redundant database (Nr),
Swiss-Prot, Protein family (Pfam), Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Clusters of Orthologous Groups (COG/KOG). Gene ontology (GO) analysis was performed
using blast2go (b2g4pipe_v2.5) software. Nr, Swiss-Prot, and COG/KOG were analyzed
by diamond v0.8.22 software, and Nt was analyzed by NCBI blast v2.2.28+; KEGG was
analyzed with KAAS r140224 and Pfam was analyzed with hmmscan HMMER 3. For the
DEG analysis, the resulting clean reads were then mapped to the transcriptomic unigenes
using RSEM software with default parameters [24]. The differential expression of different
conditions/groups (genes and samples) was analyzed by DESeq2 software. The number
of read counts normalized by TMM for each mapped gene was used to calculate gene
expression levels following the FPKM (fragments per kilobase of transcript sequence per
millions base) method [25,26].

2.4. Gene Identification and Sequence Analysis

To identify candidate detoxification genes from T. yunnanensis, detoxification gene fam-
ilies from other coleopteran species were selected as queries to search the new stand-alone
transcriptome of this beetle. Anoplophora glabripennis Motschulsky, 1854 (Coleoptera, Lami-
inae), Lepeophtheirus salmonis Kroyer, 1838 (Copepoda, Caligoida), Dendroctonus ponderosne
Hopkins, 1902 (Coleoptera, Scolytidae), and Tribolium castaneum Herbst, 1797 (Coleoptera,
Tenebrionidae) were used for CYPs; D. ponderosae, A. glabripennis, Rhynchophorus ferrugineus
Oliver, 1790 (Coleoptera: Curculionidae), D. armandi and T. castaneum for GSTs, and
D. ponderosae, D. armandi, and T. castaneum for CCEs (https://www.ncbi.nlm.nih.gov/ (ac-
cessed on 7 June 2021)). TBLASTN was used to search and identify candidate detoxification
genes against the T. yunnanensis transcriptome, with an E-value cutoff of 1 × 10−5. Further,
these identified genes were verified using TBLASTX against the NCBI non-redundant
protein sequences database. Open reading frames (ORFs) were identified using the ORF
Finder in NCBI (https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 29 June 2021)).
CYP names use the CYP prefix, followed by an Arabic numeral, designates the family (all
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members nominally >40% identical), a capital letter designates the subfamily (all members
nominally >55% identical), and an Arabic numeral designates the individual gene or mes-
sage and protein [27]. In the set of trees, a multiple sequence alignment was performed
using the Muscle method in MEGA7.0 [28]. An ML tree of candidate detoxification genes
was constructed by Evoliview [29]. Accession numbers of all protein sequences from other
Coleoptera species used in the phylogenetic analysis are listed in Supplementary Materials.

2.5. Quantitative Real-Time PCR

We used qRT-PCR to verify the expression of randomly selected candidate T. yunnanensis
detoxification genes in different tissues. The cDNA was synthesized with an input of
1 μg of total RNA using the Prime ScriptRT Reagent Kit with gDNA Eraser to remove
gDNA (AG, Changsha, China). For quantitative real-time PCR (qPCR), various tissues
including antennae, heads (without antennae), legs, and carcasses from female and male
adults were collected and immediately immersed in liquid nitrogen. qPCR was performed
using SYBR Premix EX Taq™ (AG, Changsha, China) with three technical replicates of
each template from three independent biological pools. For the qPCR analysis, the primers
(Table S1) were designed by Primer Premier 5.0 [30]. Each reaction contained a total volume
of 20 μL, consisting of 10 μL of SYBR Green PCR Master Mix, 0.8 μL of each primer (10 μM),
2 μL (20 ng) of cDNA template, and 6.4 μL of nuclease-free water. The β-actin gene was
used as an endogenous control. qPCR cycling parameters were: 94 ◦C for 4 min followed by
40 cycles at 94 ◦C for 20 s and 60 ◦C for 30 s. Relative gene expression level was calculated
using the Q-GENE statistical analysis package [31].

3. Results

3.1. Transcriptome Assembly

An Illumina HiSeq platform was used to sequence antennae, head, legs, and carcasses
of adult female and male T. yunnanensis transcriptomes. We obtained 61.51 million (MA-1),
47.40 million (MA-2), and 52.92 million (MA-3) raw reads from the antennae of a male
adult, 58.15 million (MH-1), 50.67 million (MH-2), and 61.09 million (MH-3) raw-reads from
the head of a male adult, and there are raw readings from other organizations in Table 1.
Filtering resulted in 58.28 million (MA-1), 46.26 million (MA-2), 51.60 million (MA-3),
55.80 million (MH-1), 49.30 million (MH-2), 59.09 million (MH-3), 55.93 million (ML-1),
53.53 million (ML-2), and 56.48 million (ML-3) clean reads (Table 1). The percentages
of reads with Q20 and Q30 values for each library were approximately 98% and 93%,
respectively. The GC content ranged from 38.55% to 52.60% (Table 1). The final transcript
dataset contained 100,455 unigenes with a mean length of 877 bp and an N50 length of
1153 bp (Table 2), indicating the high quality of our assembly.

3.2. Functional Annotation of the Unigenes in T. yunnanensis

A total of 100,455 unigenes were annotated by searching against six databases using
BLAST. Specifically, 60,067 (59.79%) unigenes were matched in the non-redundant (NR)
database, which accounted for the largest match. Further, 54,782 (54.53%) were anno-
tated in the nucleotide (NT) database, 50,102 (49.87%) were annotated by blasting against
the Swiss Port database. Additionally, the euKaryotic Ortholog Groups (KOG) database
had the lowest number of annotated unigenes, with 19,808 (19.71%) unigenes (Table 3).
Species with the highest proportion of similar genes were Nephila clavipes (21.00%), fol-
lowed by Dendroctonus ponderosae (19.2%), Hyalella azteca (8.0%), Toxocara canis (4.2%) and
Lucilia cuprina (2.1%) (Figure 1).
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Table 1. Summary of the transcriptome sequencing data from T. yunnanensis.

Sample Raw Reads Clean Reads Q20 (%) Q30 (%) GC (%)

MA_1 615,114,60 582,887,10 97.95 94.15 47.57
MA_2 474,005,30 462,665,14 97.90 93.91 42.76
MA_3 529,246,96 516,082,96 98.06 94.27 42.81
MH_1 581,529,36 558,021,48 97.75 93.46 38.56
MH_2 506,735,06 493,021,74 97.96 94.00 38.74
MH_3 610,987,72 590,914,14 98.04 94.16 40.09
ML_1 582,201,60 559,355,36 98.04 94.29 45.54
ML_2 561,873,52 535,354,48 98.05 94.30 43.28
ML_3 587,793,32 564,878,02 97.88 93.93 42.65
MC_1 640,881,58 628,616,66 97.63 93.21 38.55
MC_2 651,352,06 633,407,70 97.87 93.79 39.15
MC_3 591,512,94 566,883,04 97.10 92.16 41.95
FA_1 523,288,02 510,649,40 98.11 94.44 46.17
FA_2 568,975,58 533,953,70 98.00 94.23 46.38
FA_3 535,300,88 500,120,04 98.00 94.24 46.14
FH_1 513,240,72 502,592,66 97.95 93.94 39.67
FH_2 558,425,54 547,795,96 97.81 93.65 39.48
FH_3 640,915,78 629,613,86 97.62 93.18 39.24
FL_1 586,049,54 572,336,12 97.83 93.72 43.91
FL_2 503,729,98 491,791,08 97.82 93.72 42.40
FL_3 435,955,04 420,544,90 97.94 94.19 52.60
FC_1 572,708,34 560,824,28 97.67 93.30 40.48
FC_2 533,416,24 517,611,84 97.87 93.78 41.24
FC_3 505,727,10 495,473,28 97.77 93.55 39.88

MA: male antennae, MH: male head, ML: male leg, MC: male carcasses, FA: female antennae, FH: female head,
FL: female leg, FC: female carcasses.

Table 2. Summary of transcriptome splicing length distribution data from T. yunnanensis.

Min Length Mean Length Max Length N50 Total Nucleotides

Transcripts 154 1005 59,000 1465 184,171,785
Genes 301 877 59,000 1153 880,711,34

Table 3. Statistics of gene annotation success rate.

Number of Genes Percentage (%)

Annotated in NR 60,067 59.79
Annotated in NT 54,782 54.53

Annotated in SwissProt 50,102 49.87
Annotated in PFAM 53,205 52.96

Annotated in GO 53,205 52.96
Annotated in KOG 19,808 19.71

Annotated in all databases 1666 1.65
Annotated in at least one database 79,508 79.14

Total unigenes 100,455 100

Using a gene ontology (go) method, annotated genes were divided into three cate-
gories (a total of 56 functional groups): biological process, cell composition, and molecular
function. Among the biological processes, the subcategories cellular process, metabolic
process, and single-organism process contained the most unigenes. In the cellular compo-
nent class, the subcategories cell and cell part contained the most unigenes. Binding and
catalytic activity were the most numerous subcategories in the “molecular function” cate-
gory (Figure 2a). For the euKaryotic Ortholog Groups (KOG) functional classification, we
annotated about 19,808 unigenes and divided them into 25 molecular families (Figure 2b).
Among them, the largest category was the general function prediction only, followed by
amino acid transport and metabolism and energy production and conversion. Cell motility

237



Diversity 2022, 14, 23

and nuclear structure were the smallest groups (Figure 2b). A KEGG analysis was used to
classify the annotated genes into different KEGG pathway functional categories (Figure 2c).
The most representative pathways were amino acid metabolism, carbohydrate metabolism,
overview, and signal transduction (Figure 2c).

Nephila clavipes Dendroctonus ponderosae
Hyalella azteca Toxocara canis
Lucilia cuprina others

Figure 1. The unigene BLASTx searches against the Nr database for species distribution analysis.

3.3. Identification of Candidate CYPs, GSTs, and CCEs

In this study, a total of 51 predicted CYPs transcripts were identified from the tran-
scriptomes of different issues of T. yunnanensis using the BLASTx program. The sequence
identities of these candidate CYPs with other Coleoptera insects ranged from 32.69% to
96.54% in the NCBI database (Table 4). According to the CYP nomenclature, we classified
51 CYP sequences into four families (CYP2, CYP3, CYP4, mitochondrial CYP). After remov-
ing 25 short sequences (aa < 390) [27], 26 sequences with complete open reading frames
were used to construct a phylogenetic tree (Figure 3). The phylogenetic tree showed that
TyunCYP had a high homology with DponCYP. The largest family was the CYP3 family,
which included 13 members and the CYP3 family contained two subfamilies, CYP6 and
CYP9. The results of the phylogenetic tree show that five CYPs (TyunCYP6BW2, Tyun-
CYP6DE1, TyunCYP6DF1, TyunCYP6BX1, TyunCYP6DJ1) belong to the CYP6 subfamily.
The second largest family is the CYP4 family; we identified eight genes (TyunCYP393A1,
TyunCYP6BK1, TyunCYP411A1, TyunCYP349B2, TyunCYP4CV1, TyunCYP4BQ1, Tyun-
CYP4G2, TyunCYP4BG1) belonging to the CYP4 family.
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(a)

(b)

(c)

Figure 2. Results of BLASTx matches of T. yunnanensis transcriptome unigenes, gene ontology, KOG
classification, and KEGG pathway annotation. (a) Gene ontology classifications of T. yunnanensis unigenes.
(b) KOG classifications of T. yunnanensis unigenes. (c) KEGG classification of T. yunnanensis unigenes.
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Table 4. Best BLASTX matches of T. yunnanensis CYPs.

Gene Name Gene ID aa E-Value Identity Accession Species Name

TyunCYP349A1 i2_LQ_TYUN_c39805/f1p0/2021 60 1 × 10−20 65.00% AEL88544.1 Dendroctonus rhizophagus
TyunCYP9Z1 i2_LQ_TYUN_c22584/f1p0/2717 145 5 × 10−82 82.64% AEL88550.1 Dendroctonus rhizophagus

TyunCYP314A1 i1_LQ_TYUN_c152368/f1p0/1050 147 6 × 10−78 83.33% AFI45004.1 Dendroctonus ponderosae
TyunCYP347B1 i4_LQ_TYUN_c2131/f1p0/4666 447 0 81.94% AFI45010.1 Dendroctonus ponderosae
TyunCYP410C1 Cluster-27834.11928 456 1 × 10−107 39.43% AFI45013.1 Dendroctonus ponderosae
TyunCYP4CV1 Cluster-27834.3883 507 0 77.47% AFI45020.1 Dendroctonus ponderosae
TyunCYP6BW1 i3_LQ_TYUN_c10935/f1p0/4006 283 9 × 10−180 85.16% AFI45024.1 Dendroctonus ponderosae
TyunCYP6BW2 i1_HQ_TYUN_c416/f4p1/1768 506 0 86.76% AFI45026.1 Dendroctonus ponderosae
TyunCYP6BX1 Cluster-27834.4019 478 0 71.43% AFI45028.1 Dendroctonus ponderosae
TyunCYP6DJ1 i1_LQ_TYUN_c33388/f1p0/1763 507 0 70.71% AFI45041.1 Dendroctonus ponderosae
TyunCYP9Z4 i1_LQ_TYUN_c78340/f1p0/1911 526 0 84.22% AFI45045.1 Dendroctonus ponderosae
TyunCYP6DJ2 i2_LQ_TYUN_c23405/f1p0/2443 66 6 × 10−7 67.65% AGF69211.1 Dendroctonus valens
TyunCYP4G1 i3_LQ_TYUN_c4999/f1p0/3248 242 5 × 10−158 93.80% ALD15896.1 Dendroctonus armandi

TyunCYP305F1 Cluster-27834.3827 491 0 87.53% ALD15904.1 Dendroctonus armandi
TyunCYP352B1 i2_LQ_TYUN_c27719/f1p0/2254 225 4 × 10−74 69.36% ALD15909.1 Dendroctonus armandi
TyunCYP4BD4V i1_LQ_TYUN_c15852/f1p0/1569 166 8 × 10−68 67.31% ALD15912.1 Dendroctonus ponderosae
TyunCYP6DF1 Cluster-27834.8537 505 0 72.31% ALD15922.1 Dendroctonus armandi
TyunCYP9Z2 i2_LQ_TYUN_c15205/f1p0/2172 575 0 81.30% ALD15924.1 Dendroctonus armandi

TyunCYP434A1 Cluster-27834.7270 371 7 × 10−147 71.53% XP_019754109.1 Dendroctonus ponderosae
TyunCYP4BQ1 Cluster-27834.7070 397 0 67.84% XP_019754731.1 Dendroctonus ponderosae
TyunCYP6DE1 i1_HQ_TYUN_c29325/f3p0/1840 509 0 76.23% XP_019755300.1 Dendroctonus ponderosae
TyunCYP315A1 Cluster-27834.2194 292 8 × 10−139 72.26% XP_019755328.1 Dendroctonus ponderosae
TyunCYP315A2 Cluster-27834.2193 208 2 × 10−20 70.15% XP_019755336.1 Dendroctonus ponderosae

TyunCYP4G2 i1_HQ_TYUN_c24270/f27p4/1844 563 0 92.11% XP_019755432.1 Dendroctonus ponderosae
TyunCYP4BG1 Cluster-27834.11078 501 0 78.09% XP_019756327.1 Dendroctonus ponderosae
TyunCYP410A1 i1_LQ_TYUN_c6617/f1p1/1851 273 5 × 10−82 53.52% XP_019756499.1 Dendroctonus ponderosae
TyunCYP411A1 i2_LQ_TYUN_c22094/f1p0/2786 490 0 76.22% XP_019758316.1 Dendroctonus ponderosae
TyunCYP411A2 i2_LQ_TYUN_c11742/f1p1/2726 185 6 × 10−77 71.43% XP_019758318.1 Dendroctonus ponderosae
TyunCYP345F1 Cluster-26110.0 500 0 82.20% XP_019759785.1 Dendroctonus ponderosae
TyunCYP307B1 Cluster-27834.15214 399 1 × 10−153 77.06% XP_019760073.1 Dendroctonus ponderosae
TyunCYP307A1 i3_LQ_TYUN_c19449/f1p0/3461 492 0 96.54% XP_019760634.1 Dendroctonus ponderosae
TyunCYP393A2 i0_LQ_TYUN_c4806/f1p0/966 112 5 × 10−17 71.93% XP_019760717.1 Dendroctonus ponderosae
TyunCYP9AP1 i1_LQ_TYUN_c81629/f1p2/1918 483 0 72.57% XP_019760793.1 Dendroctonus ponderosae
TyunCYP9AN1 i2_LQ_TYUN_c15846/f1p0/2129 523 0 79.31% XP_019761014.1 Dendroctonus ponderosae
TyunCYP433A1 i1_LQ_TYUN_c80202/f1p0/1820 274 2 × 10−128 70.45% XP_019761671.1 Dendroctonus ponderosae

TyunCYP9Z3 i2_LQ_TYUN_c27749/f1p0/2479 151 2 × 10−44 73.33% XP_019764934.1 Dendroctonus ponderosae
TyunCYP345E1 i1_HQ_TYUN_c62660/f2p0/1795 304 4 × 10−159 72.33% XP_019765603.1 Dendroctonus ponderosae
TyunCYP347D1 Cluster-20450.0 498 0 78.93% XP_019767652.1 Dendroctonus ponderosae
TyunCYP303A1 Cluster-27834.21448 484 0 76.80% XP_019768066.1 Dendroctonus ponderosae
TyunCYP18A1 i2_LQ_TYUN_c27030/f1p0/2265 159 8 × 10−82 79.87% XP_019768143.1 Dendroctonus ponderosae
TyunCYP18A2 i2_HQ_TYUN_c25448/f2p0/2291 525 0 90.50% XP_019768147.1 Dendroctonus ponderosae
TyunCYP393A1 Cluster-27834.3112 461 0 69.78% XP_019768810.1 Dendroctonus ponderosae
TyunCYP334E1 Cluster-27834.2023 583 0 85.74% XP_019770320.1 Dendroctonus ponderosae
TyunCYP347E1 i2_LQ_TYUN_c3851/f1p0/2279 500 0 79.00% XP_019771168.1 Dendroctonus armandi
TyunCYP6DG3 i3_LQ_TYUN_c17722/f1p0/3197 354 0 77.68% XP_019771861.1 Dendroctonus ponderosae
TyunCYP9AZ1 i2_LQ_TYUN_c28708/f1p0/2957 134 2 × 10−70 79.85% XP_019773084.1 Dendroctonus ponderosae
TyunCYP334E2 i2_LQ_TYUN_c27105/f1p0/2563 498 0 83.77% XP_019773300.1 Dendroctonus ponderosae
TyunCYP349B2 Cluster-40684.0 420 0 82.86% XP_019773560.1 Dendroctonus ponderosae
TyunCYP434A2 i1_HQ_TYUN_c939/f2p0/1483 360 5 × 10−124 50.00% XP_019869691.1 Aethina tumida
TyunCYP6BW3 i2_LQ_TYUN_c30164/f1p0/2137 382 2 × 10−121 48.28% XP_023014703.1 Leptinotarsa decemlineata
TyunCYP410C1 i0_LQ_TYUN_c9810/f1p0/524 150 8 × 10−12 32.69% XP_030755100.1 Sitophilus oryzae

A total of 33 candidate GSTs were identified from the total transcriptome of the
different developmental stages of T. yunnanensis. The sequence identities of these candidate
GSTs with other dipteran insects ranged from 51.96% to 97.14% in the NCBI database
(Table 5). After removing short sequences (aa < 150) [32], 18 GSTs were chosen for the
phylogenetic analysis. A neighbor-joining tree was subsequently constructed using our
identified putative GST proteins and the sequences from four other Coleoptera species,
D. ponderosae, T. castaneum, D. valens, and A. planipennis (Figure 4). Ten GSTs were identified
in the transcriptome of T. yunnanensis, including six delta/epsilon class GSTs, four omega
class GST, five sigma class GSTs, two theta class GSTs, and one microsomal class GST. The
phylogenetic tree showed that TyunGST had a high homology with DarmGST.
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Figure 3. Neighbor-joining tree of candidate CYPs. Bootstrap values after 1000 replications. Dpon,
Dendroctonus ponderosae; Rpro, Rhodnius prolixus; Tcas, Tribolium castaneum; Tyun, Tomicus yunnanensis.

We identified 29 transcripts encoding CCEs in the T. yunnanensis transcriptome by a
bioinformatics analysis and all of them were more conserved across other CCEs variants,
with 42.86 to 93.03% amino acid identity (Table 6). To guarantee the reliability of the
phylogenetic tree, 13 CCEs encoding short sequences wereremoved (aa < 480) [33], and
16 CCEs in our transcriptomes were aligned with CCEs from other coleoptera species
(Figure 5). A total of 16 CCE genes were identified in the transcriptome of T. yunnanensis,
including nine xenobiotic metabolizing enzymes class CCE, three microsomal and alpha-
esterases class CCE, two beta- and pheromone esterases class CCE, one JHE class CCE, and
one CO class CCE.
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Table 5. Best BLASTX matches of T. yunnanensis GSTs.

Gene Name Gene ID aa E-Value Identity Accession Species Name

TyunGST1 i2_LQ_TYUN_c36781/f1p0/2077 217 2 × 10−145 91.71% AIC76455.1 Dendroctonus armandi
TyunGST2 Cluster-27834.9472 70 6 × 10−41 97.14% AJE61306.1 Dendroctonus armandi
TyunGST3 i0_LQ_TYUN_c12133/f1p0/748 141 3 × 10−48 57.25% AJE61307.1 Dendroctonus armandi
TyunGST4 i2_LQ_TYUN_c18657/f1p0/2385 112 3 × 1062 76.74% AJE61308.1 Dendroctonus armandi
TyunGST5 i3_LQ_TYUN_c11135/f1p0/3582 79 5 × 10−33 82.35% AJE61309.1 Dendroctonus armandi
TyunGST6 Cluster-27834.6624 230 2 × 10−146 83.48% AJE61311.1 Dendroctonus armandi
TyunGST7 Cluster-27834.8595 244 8 × 10−160 88.52% AJE61312.1 Dendroctonus armandi
TyunGST8 i1_LQ_TYUN_c149780/f1p1/1152 245 2 × 10−150 82.04% AVR54955.1 Sitophilus oryzae
TyunGST9 i3_LQ_TYUN_c12086/f1p0/3529 218 2 × 10−142 88.58% AVR54957.1 Sitophilus oryzae

TyunGST10 i2_LQ_TYUN_c14505/f1p9/2537 52 6 × 10−15 71.43% AVR54966.1 Sitophilus oryzae
TyunGST11 Cluster-27834.9551 105 9 × 10−41 64.42% AVT42177.1 Lissorhoptrus oryzophilus
TyunGST12 i0_LQ_TYUN_c7185/f1p0/508 148 6 × 10−48 62.50% AVT42178.1 Lissorhoptrus oryzophilus
TyunGST13 i2_LQ_TYUN_c7650/f1p0/2527 118 3 × 10−64 87.85% AVT42182.1 Lissorhoptrus oryzophilus
TyunGST14 Cluster-27834.21190 219 3 × 10−69 51.96% AVT42185.1 Lissorhoptrus oryzophilus
TyunGST15 i2_LQ_TYUN_c8057/f1p0/2856 294 7 × 10−150 67.12% AVT42197.1 Lissorhoptrus oryzophilus
TyunGST16 Cluster-27834.9541 219 1 × 10−144 89.50% QFU14637.1 Dendroctonus armandi
TyunGST17 i4_LQ_TYUN_c8880/f1p0/4497 137 3 × 10−69 93.69% QFU14640.1 Dendroctonus armandi
TyunGST18 Cluster-1630.0 205 1 × 10−76 56.78% QFU14643.1 Dendroctonus armandi
TyunGST19 i2_LQ_TYUN_c12200/f1p0/2343 231 3 × 10−137 77.92% QFU14646.1 Dendroctonus armandi
TyunGST20 i3_LQ_TYUN_c2494/f1p0/3326 218 4 × 10−146 90.41% XP_019753833.1 Dendroctonus ponderosae
TyunGST21 i2_LQ_TYUN_c34577/f1p0/2723 78 7 × 10−41 83.54% XP_019753835.1 Dendroctonus ponderosae
TyunGST22 i2_LQ_TYUN_c23261/f1p0/2987 124 2 × 10−73 93.86% XP_019755130.1 Dendroctonus ponderosae
TyunGST23 i2_LQ_TYUN_c24320/f1p0/2660 150 2 × 10−35 84.72% XP_019755704.1 Dendroctonus ponderosae
TyunGST24 i7_LQ_TYUN_c267/f1p0/7646 72 7 × 10−22 67.21% XP_019755792.1 Dendroctonus ponderosae
TyunGST25 i3_LQ_TYUN_c4401/f1p0/3564 111 4 × 10−53 86.27% XP_019755793.1 Dendroctonus ponderosae
TyunGST26 i3_LQ_TYUN_c26609/f1p0/3037 203 3 × 10107 72.00% XP_019755830.1 Dendroctonus ponderosae
TyunGST27 i0_LQ_TYUN_c24616/f1p0/906 205 1 × 10−129 85.37% XP_019760728.1 Dendroctonus ponderosae
TyunGST28 i2_LQ_TYUN_c11257/f1p0/2424 559 0 75.62% XP_019764595.1 Dendroctonus ponderosae
TyunGST29 Cluster-27834.9273 224 4 × 10−124 73.66% XP_019766435.1 Dendroctonus ponderosae
TyunGST30 i1_LQ_TYUN_c146891/f1p0/1112 237 3 × 10−158 89.83% XP_019768505.1 Dendroctonus ponderosae
TyunGST31 i0_LQ_TYUN_c13481/f1p0/385 70 4 × 10−32 82.86% XP_019770972.1 Dendroctonus ponderosae
TyunGST32 i1_LQ_TYUN_c153362/f1p1/1072 206 3 × 10−77 57.28% XP_023313068.1 Anoplophora glabripennis
TyunGST33 i1_LQ_TYUN_c150961/f1p1/1003 206 2 × 10−78 58.54% XP_023313069.1 Anoplophora glabripennis

3.4. Tissue Expression Profile of the CYP, GST, and CCE Genes

In order to explore the expression profiles of detoxification genes in different tissues,
we screened all 113 genes from the DEG library. In total, 64 genes were found, and 49 genes
were missing from the DEG data. The expression profiles based on FPKM values re-
vealed that several detoxification genes (TyunCYP410A1, TyunCYP9AN1, TyunCYP393A1,
TyunGST22, TyunGST29, TyunGST31, TyunCCE8, and TyunCCE17) are highly expressed in
the antenna (FPKM > 100) and the expression levels of these genes are all higher in male an-
tennae than in female antennae (Figure 6). TyunCYP4G2 is highly expressed in the residue.
Tyun315A1, TyunCYP6BK1, TyunCYP6DF1, and TyunGST3 are expressed in all tissues;
TyunCYP6DF1 expression in antennae is higher than in other tissues. TyunCYP345E1 and
TyunCYP345F1 are little expressed in all tissues (Figure 6a). TyunGST11 and TyunGST33
are expressed in all tissues, the expression of TyunGST11 in foot and antennae is higher
than other tissues, and the expression level of male feet is higher than that of female legs.
The antenna expression of TyunGST33 is significantly higher than that of other tissues and
the male antenna expression is higher than that of the female (Figure 6b). TyunCCE21 is
expressed in all tissues. TyunCCE16 is strongly expressed in the head and carcasses, and
expression in these two parts of the females is higher than that of the males (Figure 6c).
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Figure 4. Neighbor-joining tree of candidate GSTs. Bootstrap values after 1000 replications. Dpon,
Dendroctonus ponderosae; Darm, Dendroctonus armandi; Agla, Anoplophora glabripennis; Ldec Leptinotarsa
decemlineata; Tcas, Tribolium castaneum; Tyun, Tomicus yunnanensis.

Table 6. Best BLASTX matches of T. yunnanensis CCEs.

Gene Name aa E-Value Identity Accession Species Name

TyunCCE1 i2_LQ_TYUN_c19726/f1p0/2240 580 0 79.41% AYN64423.1 Dendroctonus armandi
TyunCCE2 i1_LQ_TYUN_c11797/f1p0/1951 405 0 93.03% AYN64424.1 Dendroctonus armandi
TyunCCE3 Cluster-27834.6014 133 3 × 10−43 61.42% AYN64428.1 Dendroctonus armandi
TyunCCE4 Cluster-27834.16668 243 5 × 10−156 88.48% AYN64429.1 Dendroctonus armandi
TyunCCE5 Cluster-27834.3878 550 5 × 10−164 45.34% XP_019754206.1 Dendroctonus ponderosae
TyunCCE6 Cluster-27834.11182 570 0 81.05% XP_019754592.1 Dendroctonus ponderosae
TyunCCE7 Cluster-27834.18917 577 0 87.19% XP_019755320.1 Dendroctonus ponderosae
TyunCCE8 i1_LQ_TYUN_c11402/f1p0/1940 563 0 58.70% XP_019755320.1 Dendroctonus ponderosae
TyunCCE9 Cluster-27834.6015 557 0 64.16% XP_019755963.1 Dendroctonus ponderosae

TyunCCE10 i1_HQ_TYUN_c4678/f4p0/1715 558 0 82.08% XP_019756055.1 Dendroctonus ponderosae
TyunCCE11 i1_LQ_TYUN_c2026/f1p0/1764 559 0 85.15% XP_019756056.1 Dendroctonus ponderosae
TyunCCE12 Cluster-27834.3444 122 5 × 10−75 90.98% XP_019756397.1 Dendroctonus ponderosae
TyunCCE13 Cluster-27834.5714 268 2 × 10−169 88.01% XP_019756739.1 Dendroctonus ponderosae
TyunCCE14 i1_LQ_TYUN_c29743/f1p0/1703 545 0 50.54% XP_019757154.1 Dendroctonus ponderosae
TyunCCE15 i1_LQ_TYUN_c35851/f1p0/1947 228 8 × 10−114 75.60% XP_019758307.1 Dendroctonus ponderosae
TyunCCE16 i1_LQ_TYUN_c30292/f1p1/1995 566 0 88.18% XP_019761960.1 Dendroctonus ponderosae
TyunCCE17 i1_LQ_TYUN_c16028/f1p0/1766 347 0 81.23% XP_019764466.1 Dendroctonus ponderosae
TyunCCE18 i1_LQ_TYUN_c9615/f1p0/1928 532 0 76.15% XP_019765893.1 Dendroctonus ponderosae
TyunCCE19 i1_LQ_TYUN_c37855/f1p0/1526 414 0 83.09% XP_019766062.1 Dendroctonus ponderosae
TyunCCE20 Cluster-27834.3692 531 0 85.50% XP_019766553.1 Dendroctonus ponderosae
TyunCCE21 Cluster-27834.10155 569 0 86.12% XP_019769801.1 Dendroctonus ponderosae
TyunCCE22 i3_LQ_TYUN_c17625/f1p0/3579 266 2 × 10−136 89.52% XP_019769801.1 Dendroctonus ponderosae
TyunCCE23 i1_LQ_TYUN_c34869/f1p0/1995 577 0 69.46% XP_019769830.1 Dendroctonus ponderosae
TyunCCE24 Cluster-27834.16736 569 0 75.66% XP_019772474.1 Dendroctonus ponderosae
TyunCCE25 i2_LQ_TYUN_c30644/f1p0/2041 337 0 78.34% XP_019773718.1 Dendroctonus ponderosae
TyunCCE26 Cluster-27834.18773 65 9 × 10−7 42.86% XP_023727217.2 Cryptotermes secundus
TyunCCE27 Cluster-27834.13066 308 7 × 10−127 60.06% XP_030749177.1 Sitophilus oryzae
TyunCCE28 Cluster-27834.7029 572 0 47.51% XP_030754488.1 Sitophilus oryzae
TyunCCE29 i2_LQ_TYUN_c24874/f1p0/2585 308 3 × 10−107 55.89% XP_030768230.1 Sitophilus oryzae
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Figure 5. Neighbor-joining tree of candidate CCEs. Bootstrap values after 1000 replications. Dpon,
Dendroctonus ponderosae; Darm, Dendroctonus armandi; Agla, Anoplophora glabripennis; Tcas, Tribolium
castaneum; Tyun, Tomicus yunnanensis.

(a)

(b)

(c)

Figure 6. Expression profiles of detoxification genes in T. yunnanensis. (a) CYP; (b) GST; (c) CCE. MA:
male antennae, MH: male head, ML: male legs, MC: male carcasses, FA: female antennae, FH: female
head, FL: female legs, FC: female carcasses.
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Further, qPCR was employed to validate the expression of some detoxification genes and
to investigate their expression profiles. The qPCR results of TyunCYP4G2, TyunCYP6DF1,
TyunGST11, TyunGST33, TyunCCE16, and TyunCCE17 are consistent with the FPKM value
analysis results, but the qPCR results of TyunCCE21 differ from the FPKM value analysis,
which may be caused by the inconsistency between the qPCR analysis samples and the
sequencing samples (Figure 7).

Figure 7. qPCR analysis of T. yunnanensis detoxification genes transcript levels in different tissues.
H: head; C: carcasses; L: leg; A: antenna.

4. Discussion

Tomicus yunnanensis is one of the most important pests of Pinus yunnanensis. In
most insect species, detoxification proteins play a key role in the degradation of plant
secondary metabolites. In order to better understand the clues of how insects degrade
plant secondary metabolites, we first identified candidate detoxification proteins in the
transcripts of the antennae, heads, legs, and carcasses of T. yunnanensis, and studied some
of the detoxification proteins and the expression profiles of four different organizations.
Our research results provide new evidence for the molecular basis of the detoxification
proteins of T. yunnanensis in the metabolic function of detoxification, which may help to
develop better methods to control this pest. The identification of at least 51 CYP genes
placed T. yunnanensis within the middle of the range of the P450 gene family size in insects
for which the genome has been sequenced, ranging from a low of 46 in the honeybee
(Apis mellifera Linnaeus, 1758 (Hymenoptera: Apidae)) to 143 in T. castaneum [34], and
it was similar to the mountain pine beetle (D. armandi), which has 64 CYPs. Previous
studies on T. yunnanensis were mainly in the direction of olfactory-related proteins, but
there are few reports on the detoxification genes of T. yunnanensis [35]. In this study,
51 TyunCYPs were analyzed in different adult tissue transcripts, and we found that seven
TyunCYPs are predominantly expressed in the antennae of both sexes, belonging to three
CYP families, CYP2: TyunCYP305F1; mitochondrial CYP clan: TyunCYP315A1; CYP4:
TyunCYP410A1, TyunCYP393A1, and TyunCYP305F1. CYP345E2, a member of CYP3, is an
antenna-specific CYP from D. pondersae that has been proved to catalyze the oxidation of
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monoterpene volatile compounds in pine hosts [36]. In our study, we found two CYP345E2
homologues, TyunCYP345E1 and TyunCYP345F1 in T. yunnanensis, but the expression
levels of TyunCYP345E1 and TyunCYP345F1 in the antennae were both low, which may
be caused by differences between species. Some members of the CYP4 family are also
involved in odor degradation, and most of them are involved in the synergistic reaction
of detoxification and pheromone synthesis [37]. The expression level of TyunCYP393A1
in the antennae of females was higher than that of males, which might be related to the
host location of females, while the expression level of TyunCYP410A1 in the antennae of
males was higher than that of females, which may be because the male needs to degrade
the secondary metabolites produced by the plant defense mechanism. TyunCYP4G2 is
specifically and highly expressed in the residue, which may be related to the metabolism of
toxic substances in T. yunnanensis. In the CYP6 family, few members have been reported
to have odorant clearance functions [38]. In many (but not all) studies, genes from the
CYP6 subfamily are shown to metabolize xenobiotics and plant natural compounds [27].
Several genes have been reported to have specific expression in the olfactory organs, such
as CYP6B48, CYP6B42, and CYP6AE49 expressed in the male and female antennae of
Spodoptera litura [39]. PxCYP6BG3 and PxCYP6BG6 were found in Plutella xylostell, which
may be related to larval odor clearance [40]. In this study, we did not find any genes that
were specifically and highly expressed in the olfactory organs of the CYP6 family.

The functions of GSTs in many insects’ physiological functions, such as insecti-
cide resistance and detoxification (plant secondary metabolites) have been fully demon-
strated [40–42]. In this study, we identified 33 TyunGSTs from the T. yunnanensis transcrip-
tome. According to some reports, A Manduca sexta olfactory specific GST called gstmsolf1
is reported as a degradable plant volatile trans-2-hexanal, belonged to the delta subfam-
ily [40,43], in our study, we identified two new GSTs, TyunGST16 and TyunGST29, that were
highly expressed in the antennae, and we found that they belonged to the delta/epsilon
GST subfamily, Further family classification is needed for the functional speculation of
TyunGST16 and TyunGST29. At present, we speculate that they may be related to odor
degradation.. TyunGST30 and DaGSTs1 formed a linage in the sigma subfamily. DaGSTs1
may play a role in reducing the negative effects of terpenoids on beetles [44]. We speculate
that TyunGST30 also has this function.

Insect CCE is a superfamily, which participates in many physiological processes
and contains a variety of substrates [45]. Some of these are secreted enzymes, which
refresh ORs by removing redundant esterase odorants from the surrounding area. Besides
Z11-16: Ald, Z11-16: Ac is another major sex pheromone component reported in [46].
We found 29 CCE genes in the transcriptome of T. yunnanensis. The total number is
higher than that of D. armandi (8) [47] and less than that of T. castaneum (63) [48]. The
phylogenetic tree shows that the CCE genes of T. yunnanensis can be divided into five
categories. Among them, TyunCCE5 and DarmCCE3 (AYN64425.1) cluster into the same
branch, and DarmCCE3 is inferred to play a role in host detoxification [47], which we
speculate that TyunCCE5 may also have. Using the FPKM value and a qPCR analysis, we
found that three CCEs have a higher expression in the antennae: TyunCCE8, TyunCCE17,
and TyunCCE21. TyunCCE8 and DarmCCE2 (AYN64424.1) are clustered into the same
clade, whose most enzymes have a dietary detoxification function or ester odor degradation
function, such as SlCXE10 [49] and SexCXE10 [50] with antennae dominant expression
that can degrade ester plant secondary metabolites. Unlike these three CCEs, TyunCCE8,
TyunCCE17, and TyunCCE21 have no obvious gender-biased expression. TyunCCE23,
DarmCCE (AYN64426.1), and TcasCCE (NP_001180223.1) are divided into the JHE branch.
TcasCCE (NP_001180223.1) has been confirmed to have the function of degrading juvenile
hormones. We speculate that TyunCCE23 also has this function; of course, this inference
needs to be further verified.
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5. Conclusions

Our present work has characterized the detoxification gene families of T. yunanensis
by transcriptome, together with bioinformatics-based analyses and molecular strategies of
qPCR. Our study first lead to the identification of 113 genes associated with detoxification,
with as many as 51 CYPs. Further, expression profile studies provided reference data
for these genes to explore their potential roles in the detoxification of plant secondary
metabolites. Together, this study has complemented the information of detoxification gene
families in T. yunanensis and will allow for target experiments to screen potential attractants
or repellents and to develop novel pest control strategies for controlling this beetle and
protect the balance of the forest ecosystem.
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Abstract: Generally, the high levels of biodiversity found in natural ecosystems have positive effects
on ecosystem functions (EFs), though the intensity and direction of such effects can vary. This
is associated with the impacts of other EF-driving factors. In this study, the factors that affect
biodiversity-ecosystem functioning (BEF) are reviewed and summarized, and current gaps in the
research on the effects of these factors on BEF are discussed. Moreover, a new conceptual model,
the generating-presentation model, accounting for links between effect factors and EFs, is built to
provide a systematic means of understanding how different factors affect BEF. The model shows that
the correlation between biodiversity and EFs can be described as involving a cascade process, while
the separation of biodiversity and EFs from ecosystems without considering integrated features is
not appropriate for BEF-related research. The generating-presentation model can comprehensively
reflect the effects of different factors on EFs and thus has major theoretical and applied implications.

Keywords: community structures; conceptual model; multifunctionality; trophic level

1. Introduction

Biodiversity decline over the past two decades has drawn more attention to the effects
of biodiversity loss on ecosystem functions (EFs) [1,2]. This has led to the development of an
ecological field examining the relationship between biodiversity and ecosystem functioning
(BEF) [3]. Generally, high levels of biodiversity have positive effects on ecosystem functions.
However, the intensity and direction of such effects can vary [4]. This is associated with
the impacts of other EF-driving factors. For example, van der Plas [3] compared the effects
of biodiversity, community composition, and abiotic conditions on EFs based on a review
of BEF-related studies on terrestrial and aquatic ecosystems. The author’s results show
that the effects of biodiversity on EFs are dependent not only on community factors but
also on the environment and the scale of the given community [3]. Therefore, to maintain
a sustainable level of EF, the protection of abiotic conditions that maintain species and
their functional traits and sustainable biodiversity is required. How can various factors of
BEF be considered in a methodical way? Which effect factors should be considered in BEF
research? These questions urgently need to be addressed.

The purpose of this study is to integrate the different factors that affect BEF and to
propose a systematic way of understanding how different factors affect BEF. We first review
recent BEF research, particularly that published over the past four years, and summarize
the factors that affect BEF. Then, we describe current gaps in the research on the effects of
these factors on BEF. Moreover, from conceptual models of links between effect factors and
EFs provided in the literature, a new conceptual model is built to summarize the factors
that affect BEF and to comprehensively describe ways of measuring the effects of different
factors on EFs. This new conceptual model can clearly express the relationships between
various effect factors and BEF, which has important theoretical and applied implications.
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2. Community-Related Factors Affecting BEF

2.1. Community Structure

Community structures have a significant effect on BEF [5,6]. As variations in biodiver-
sity characterize the dynamics of community composition, the integration of community-
related factors (e.g., species abundance and distribution) into BEF research based on studies
on biodiversity variation can further our understanding of the effects of community changes
on EFs. For example, Cao et al. [7] quantified the species abundance and EFs of benthic
invertebrates in Dian Lake (Yunnan, China) to evaluate the effects of the former on the latter.
Their results indicate that the relative abundance of Annelida animals shows a significant
linear correlation with ecosystem multifunctionality (MEF) [7]. Moreover, Huang et al. [8]
performed a study on large-scale forest ecosystems and found high levels of tree species
richness to be positively correlated with forest yields while this positive correlation is
affected by tree growth rates. Bannar-Martin et al. [9] partitioned the relative contributions
of species richness and community composition into EFs using the Pice equation. The study
showed that considering biodiversity and community composition in temporal dynamics
can predict EF variations more effectively than considering biodiversity alone [9]. However,
species richness can be determined by the number of species in a community and the
functional traits related to a given species. Therefore, the partitioning of the relative contri-
butions of species richness and community compositions to EF can prove challenging [9].
This may account for the lack of case studies conducted in this area [10], which must be
remedied in future BEF research.

2.2. Trophic Level

Despite the significant effects of community trophic levels on BEF, few studies have
been conducted in this area [11]. The complementarity effect is often employed to measure
EF enhancement resulting from biodiversity [12]. In particular, the complementarity effect
is related to numerous community-related features, including the niche difference of species
within a community and interspecific competition [13]. However, trophic structures can
affect the compensation effect by limiting interspecific competition, which is linked to the
community compositions of trophic levels [14]. Hence, the effects of community trophic
level structures on BEF are evident. However, research on the effects of EFs of biodiversity
at different trophic levels and especially at high trophic levels remains limited [11,15].
Schuldt et al. [16] investigated the effects of biodiversity on MEF at multiple trophic levels
for a forest ecosystem with rich levels of diversity in the sub-tropical zone. The study
showed that the EF effects of species richness at high trophic levels can be transferred via
the food web [16]. This indicates that biodiversity at high trophic levels can indirectly
affect EFs via its effects on biodiversity at adjacent lower trophic levels. This cascade effect
of biodiversity at high trophic levels on EFs highlights the importance of understanding
the effects of biodiversity at multiple trophic levels on EFs. Moreover, Schuldt et al. [16]
asserted that BEF-related studies focused on producers alone may underestimate the overall
effect of biodiversity on EFs. Research on the effects of biodiversity or species composition
at high trophic levels on EF may thus facilitate the development of theories and applications
of ecology.

At high trophic levels, species are exposed to high levels of extinction risk, which
may have severely negative impacts on EFs [17]. Therefore, research on the mechanisms
dominating BEF under complex food web conditions is of great significance. Biodiversity at
high trophic levels is not only key for MEF predictions but is also an important management
objective [15]. The diversity of heterotrophic species is often regarded in studies as a
component of MEF rather than as a factor driving EF [16]. However, these studies neglect
the effects of biodiversity at high trophic levels on EFs, limiting a complete understanding
of BEF [18,19]. The diversity of heterotrophic species cannot be replaced with plant diversity.
However, relationships between MEF and biodiversity at high trophic levels have not yet
been revealed. At the same time, for most ecosystems, biodiversity mechanisms at high
trophic levels impacting MEF via the food web are not fully understood [20].
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While few BEF studies have considered the food web, research on food chain energy
fluxes is relatively mature [21]. The application of energy flux theories to biological chains
can serve as a novel means of researching the formation of BEF in complex ecosystems [21].
For example, intraguild predation, which refers to predatory behavior between two species
with the same prey, is often observed in food chain energy flows [17]. Intraguild predation
can extend the vertical niche space and reduce energy flows from a low trophic level to a
high trophic level, affecting biodiversity food web dynamics. Wang et al. [17] simulated
a food web involving five species to show that the correlation between biodiversity and
EFs is enhanced under intraguild predation. The study demonstrates that plant BEF
model improvements based on studies considering multiple trophic levels are effective in
clarifying the effects of biodiversity on EF [17]. Hence, future studies should focus more
heavily on tests involving multiple trophic levels.

2.3. Parasite-Host Relations

Species interactions have been widely investigated due to their significant effects on
species functions, species diversity, and ecological processes [22]. However, the parasite-
host relation, a key factor shaping species interactions, is rarely discussed in BEF studies.
Few studies have explored the effects of parasite communities on EFs and ecosystem pro-
ductivity [23]. Parasitic species impact the quantity and traits of hosts and can consequently
further impact EFs. Thus, BEF-related studies must further consider parasite-host rela-
tions [23]. In particular, microbes, a key parasite species, rapidly respond to environmental
changes. Based on this, the effects of the microbe community on plant community yields
under global climate change and significant human disturbance must be better understood
to maintain and optimize primary productivity.

Several studies have investigated the mechanisms underlying the effects of parasites
on BEF. For example, Ferlian et al. [24] explored interactions between plants and mycorrhiza
and demonstrated that the effects of plant diversity on EF tend to be more pronounced when
intraspecific competition exceeds interspecific competition. Mycorrhiza can affect plant
competition by providing water and nutrients to plants in exchange for photosynthetic
products [25]. Moreover, mycorrhiza traits vary across plants [26]. Thus, mycorrhiza plays
a key role in maintaining plant diversity and sustainable BEF. Laforest-Lapointe et al. [27]
found a positive correlation between leaf bacteria diversity and ecosystem productivity.
In particular, the authors demonstrate that both the functional characteristics of the host
species and functional diversity have great impacts on the structure and diversity of leaf
bacteria communities [27]. In other words, microbes can affect EFs through changes in the
adaptability and phenotype of the host. Leaf bacteria diversity is proportional to the host
yield, which can be attributed to the following three mechanisms. First, leaf bacteria can
improve the host’s resistance to viruses by increasing resource competitiveness, reducing
the nutrient base and enhancing antibiotic production. Second, leaf bacteria can affect the
production of plant hormones such as auxin and cytokinin. Third, nitrogen-fixing bacteria
can facilitate the collection of nitrogen available to plants [27].

3. External Factors Affecting BEF

3.1. Effects of Environmental Factors on BEF

Several studies have discussed the impacts of environmental changes on BEF, demon-
strating the importance of environmental factors to BEF-related research [28–30]. For
example, Nunes et al. [31] investigated environmental factors that affect beetles and re-
vealed that community attributes and environmental variables can simultaneously affect
EFs. In reference to grassland ecosystems, Zirbel et al. [32] demonstrated that multi-
functionality variation shapes landscape compositions four times more than functional
diversity. Moreover, the correlation between EF and environmental factors was found to
be stronger than that between EF and biodiversity. Smeti et al. [33] investigated correla-
tions between species diversity along the bottom muddy layers of rivers and several EFs
(e.g., decomposition rate of organic substances) under environmental stresses of river basin
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pollutants. The study demonstrated that BEF is significantly affected by environmental
stress [33]. Thus, BEF-related analyses must cover both community-related attributes and
environmental factors.

Much attention has been paid to the effects of environmental changes on biodiver-
sity, and mechanisms underlying environmental factors affecting biodiversity and EF are
currently being explored at length [34]. These mechanisms can be grouped into four cate-
gories: resource availability efficiency, the spatial differentiation of resources, community
habitat space, and the functional differences between species [35]. Due to differences in
the methods and scales used, the reported mechanisms of environmental factors affecting
EF under different experimental conditions show variations even for similar EFs [36]. For
example, Spaak et al. [37] applied a theoretical analysis model to demonstrate that minor
environmental impacts can lead to the collapse of EFs at a constant level of species rich-
ness. Moreover, the effects of environmental factors on EF can be expressed via community
attributes such as population density and community composition rather than based on bio-
diversity [37]. For example, Liu et al. [38] investigated the effects of habitat fragmentation
on EFs and revealed that non-biological environmental factors in fragmented landscapes
can affect BEF under constant biodiversity levels. Habitat fragmentation can affect EF by
shaping community composition (directly) or other environmental conditions (indirectly).
The underlying mechanism associated with this process involves four factors [38]. First,
habitat fragmentation can drive the nonrandom selection of species, while changes in
community structure caused by the nonrandom selection of species may further influence
EF. Second, habitat fragmentation results in the nonrandom decline of key functional traits,
also affecting EF. Third, habitat fragmentation has a negative impact on species interactions
and particularly on those of symbiotic species. This results in a reduced ecological comple-
mentarity effect, thus affecting EF [39]. Fourth, habitat fragmentation may affect species
at different trophic levels (e.g., negative impacts on top predators), which consequently
affects plant species via the top-down cascade effect [40]. Furthermore, the boundary effect
induced by habitat fragmentation can affect environmental conditions such as temperature,
humidity, wind, and light, subsequently affecting EF. The above works highlight the utility
of considering various environmental factors in BEF-related research to investigate the
direct and indirect effects of environmental factors on EF.

3.2. Effects of Climate Change on BEF

While the positive correlation between biodiversity and EFs is widely recognized,
the majority of evidence of this relationship is based on small-scale observations [41]. As
the effects of environmental factors (particularly of climate change) on BEF are still not
fully understood, large-scale BEF-related studies face great challenges [35]. While both
climate change and a decline in biodiversity will have a synergistic effect on ecosystems,
the research on this topic remains limited [42]. On one hand, biodiversity may limit the
effects of climate change on EF; on the other hand, climate change may alter the underlying
mechanisms of BEF [43]. Thus, due to interactions between climate change and biodiversity
loss, the effects of these two factors on EF cannot be separated.

BEF-related studies generally refer to climate change as the variation in precipitation
and temperature. Numerous studies have used large-scale data platforms while others are
based on controlled tests [44]. For example, Ratcliffe et al. [35] investigated the large-scale
effects of potential driving factors on BEF based on the European Forest Data Centre plat-
form. Their results suggest that the correlation between biodiversity and EF is strengthened
under arid climates. In particular, due to the increasing levels of water stress induced by
changes in climate, the importance of the effects of biodiversity on EFs in European forests
may be enhanced [35]. Pires et al. [43] investigated the synergistic effects of precipitation
variation and litter diversity on EF using controlled tests. Their results reveal that the
effects of precipitation variation on scavenger communities are negatively related to litter
diversity [43]. Thus, litter diversity can resist the effects of climate change. Variations in
precipitation affect the underlying mechanisms that shape the effects of litter diversity on
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decomposition by hindering the complementarity effects of ecosystems while strengthening
the selection effect. In reference to temperature variations, Wieczynski et al. [45] estab-
lished a coupling relation for the trait-climate factors shaping forest ecosystems based on a
global forest database. Functional diversity was found to decline with increases in latitude
and altitude. Moreover, the study demonstrated that temperature and vapor pressure
have strong impacts on the functional composition of the community and the ecological
strategies of species [45]. Based on controlled tests, Garcia et al. [46] revealed a synergetic
relation between global warming and biodiversity decline, which was in turn observed to
have a negative impact on the functions of microbe communities. In terms of variations in
the atmospheric composition, Eisenhauer et al. [47] investigated the effects of grassland
plant diversity on MEF under four environmental conditions (natural ambient conditions,
increased CO2 concentrations, addition of nitrogen, and simultaneous increases in carbon
dioxide and nitrogen). Their results showed a positive correlation between plant diversity
and MEF that weakened with nitrogen enrichment [47].

According to the above studies, climate change has a significant impact on BEF. There-
fore, the effects of climate change, as a natural disturbance, on EF can be adjusted by
biodiversity [48]. Hisano et al. [49] reviewed BEF-related studies to reveal that biodiversity
can mitigate (exacerbate) the negative (positive) impacts of climate change on EF. Similarly,
numerous BEF-related studies have claimed that biodiversity can improve the productiv-
ity, stability, and ecological elasticity of an ecosystem, which consequently counteracts
the impacts of climate change [50]. Hisano et al. [49] suggest that climate change can be
regarded as a disturbance and hence can be incorporated into BEF research on distur-
bances. In particular, each form of climate change corresponds with different types of
disturbances. For example, extreme and long-term climate events correspond to pulse and
press disturbances, respectively. Biodiversity can promote the positive effects of distur-
bances on resource enrichment and productivity [48]. Furthermore, biodiversity can relieve
the negative effects that disturbances may have on productivity, improving ecosystem
stability [51]. For example, biodiversity can reduce the negative impacts of climate events
on tree growth by regulating the demographic patterns, stability, and ecological elasticity
of natural forest ecosystems.

4. Spatial and Temporal Scale Effects on BEF

4.1. Spatial Scale Effects on BEF

BEF-related research conducted over different spatial scales and particularly of larger
scales can facilitate a thorough and accurate understanding of BEF [52]. At present, bio-
diversity decline is widely observed with much research demonstrating that declines in
the density of local plant species can damage both EF and ecosystem services [1]. How-
ever, most BEF-related studies focus on a specific region, and it thus remains unclear
how biodiversity interactions across different spatial scales affect EF [53]. This limits our
understanding of BEF variations as a function of spatial scale [54,55]. Recent studies have
attempted to correlate the effects of biodiversity across different scales from metapopula-
tion dynamics or new scale-up methods. For example, Bracken et al. [55] evaluated the
scale dependence of the effects of species decline on the biomass of intertidal algae based
on data from the coast of Maine in the USA. The study reveals weak (strong) effects of
biodiversity on EF at small (large) scales. Hautier et al. [56] analyzed eight EFs over 65 glob-
ally distributed grassland ecosystems and found that plant diversity helps maintain the
ecosystem services provided by grasslands at both regional and landscape scales. The study
suggested that diversity at a single spatial scale can affect the EFs of other spatial scales [56].
Moreover, Lefcheck et al. [54] correlated the β diversity of tropical fish in Dominica with
their herbivorous rate over varying spatial scales. Their results reveal that the herbivorous
nature of fish is positively correlated with β diversity. This result is consistent with the
spatial insurance hypothesis, i.e., due to spatial heterogeneity, biodiversity is particularly
important at regional scales with different landscape units. However, research on local
EFs that considers regional background information is lacking [54]. As natural resource
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management is usually performed at regional scales, integration at this scale is of great
significance. Moreover, an understanding of BEF across different spatial scales can help
thoroughly and accurately reveal the underlying mechanisms of BEF and is thus of great
significance to both theoretical studies and management practices used in the industry.

4.2. Effects of Temporal Scale on BEF

Understanding of the effects of biodiversity on EF as a function of time is essential to
predict the effects of biodiversity change and management measures on EF and ecosystem
services [57]. Research has indicated that the positive effects of biodiversity on EF can
strengthen with time as a result of the enhancement of the interspecific complementarity
effect with time [58]. For example, Guerrero-Ramírez et al. [59] used long-term biodiversity-
controlled tests to demonstrate the positive correlation between biodiversity effects on
EF for grasslands with time. This can be attributed to variations in species distribution
patterns as a function of time. However, Guerrero-Ramírez et al. [59] did not observe any
regular BEF trend as a function of time for forest ecosystems. To date, factors driving BEF
trajectories with time have yet to be determined, and whether these factors are caused by
changes in the environment must be clarified. It is also unclear whether these factors are
consistent across environmental conditions. In particular, while soil characteristics may
affect both transient BEF and its trend as a function of time, the exact mechanisms involved
remain unclear [60]. For this reason, long-term BEF experiments in natural environments
must be pursued.

Numerous controlled tests reported in the BEF-related literature do not consider tem-
poral scales. In these tests, the natural reproduction and succession of species are usually
terminated by the removal of non-sown species [61–63]. This not only enhances ecosystem
selection and complementarity effects but may also reduce the effects of competition exclu-
sion, resulting in indeterminate results [64]. For example, BEF studies conducted under
non-weeding environmental conditions remain relatively limited compared to those of
weeding environmental conditions [62]. The establishment of such non-weeding communi-
ties echoes the ecological restoration of abandoned farmland. Among these communities,
the biodiversity of the initial community is controlled by a sowing event while the di-
versity and yield of subsequent communities is dependent on the development of the
initial community. However, the effects of community development on BEF remain to be
clarified. Veen et al. [65] observed that during the natural succession of a community, initial
species (selected manually) affect the composition and biodiversity of the community at an
early stage while biodiversity and EF are independently or negatively correlated during
secondary community successions. The mechanisms behind these processes, however,
require further investigation.

5. Generating-Presentation Model

5.1. Model Significance and Structure

The above review of the different effect factors discussed in BEF-related research shows
that numerous research gaps on effect factors in BEF-related research remain and must be
explored further. Thus, it is urgently necessary to construct a way to systematically consider
factors that affect BEF and to provide suggestions for future research. We thus build a
conceptual model with a circle-like structure called the generating-presentation model
(Figure 1). The conceptual model summarizes the effect factors of BEF and comprehensively
explores the effects of different factors on EFs. Because biodiversity can be regarded as
a community-related factor that affects EF [9], a conceptual model accounting for the
relationships among various effect factors and EFs can be used to express the links between
effect factors and BEF.
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Figure 1. The generating-presentation model. (a) The main section of the generating-presentation
model includes three layers: the generating layer, presentation layer, and effect layer from the inner
layer to the outer layer. The presentation layer includes three sublayers: presentation layers 1–3
from the inner layer to the outer layer. The focuses of each layer and sublayer are illustrated in the
figure. “A•→B” denotes the effect of A on B. Ecosystem functions (EFs) can be affected according to
15 approaches. For example, approach 1 indicates that EF is directly affected by species life history or
species behavior. Approach 2 states that EF can be affected by community structures and species life
history or species behavior. (b) There is a feedback loop between the generating, presentation, and
effect layers: variations in the presentation layer generated from variations in the generating layer
can affect the effect layer, and the effect layer can also have a feedback effect on the generating layer.
The generating layer shows an interaction effect between species life history and species behavior.
The presentation layer illustrates interactions between human cognition and spatiotemporal scale.
The effect layer reveals tradeoffs and synergies among different EFs.

The main section of the generating-presentation model is composed of three layers:
a generating layer, presentation layer, and effect layer from the inner layer to the outer layer.
The presentation layer includes three sublayers: presentation layers 1–3 from the inner
layer to the outer layer. Each layer and sublayer has its own structure and implications.
The outer layer or sublayer includes an inner layer or sublayer except for the effect layer.

5.2. Generating Layer

The generating layer represents the effect factors related to a species’ life history and
behavior. Due to biodiversity, community structures and biological parts of ecosystems
can be considered as the existential state of species at a higher scale, and this layer can
then be defined as the generating layer. Variations in biodiversity, community structures or
biological parts of ecosystem can result from variations in the generating layer similar to
how bodily variations can result from gene variations. The generating layer covers two
features: species life history (e.g., the birth, senility, illness, and death of a species) and
species behavior (e.g., competitiveness, mutualism, predation, etc.). There is an interaction
effect between these two sections. For example, Maynard [22] quantified the links among a
competitive network structure, biodiversity, and community functioning, and found that a
competitive network can determine the direction of BEF relationships.

5.3. Presentation Layer

The presentation layer represents the effect factors related to biodiversity, commu-
nity structures, and ecosystems. The layer represents the existential state of species and
is thus regarded as a presentation layer because variations in the generating layer can
be represented by this layer. The presentation layer includes three sublayers. The first
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sublayer (presentation layer one) is related to biodiversity and can be considered part of
the community structure. Biodiversity often refers to functional diversity, phylogenetic
diversity, species classification diversity, and so on. However, according to Oehri et al. [52],
landscape diversity is also positively linked to EFs. The second sublayer (presentation
layer two) represents the community structure and can be viewed as a part of an ecosystem.
According to the works reviewed above, many effect factors of community structure are re-
lated to different aspects of community structure aside from biodiversity, including species’
spatial patterns and trophic level structures. However, Delgado-Baquerizo et al. [66] found
that the BEF relationship can also be affected by the biodiversity of other biomes. The
authors show that the positive relationship between plant diversity and multifunctionality
can be affected by soil biodiversity. The last sublayer (presentation layer three) is related to
ecosystems and covers not only biological features but also abiotic environments. Due to
the strong effects of environmental factors such as temperature and geology on EFs [67–69],
presentation layer three reflects abiotic factors in most cases.

Moreover, the presentation layer reflects the interactions between human cognition
and spatiotemporal scales. First, the presentation of species in this layer depends on
levels of human cognition. The development of human cognition can enhance the form of
presentation used. For example, according to human cognitive development, numerous
biodiversity indexes with different ecological implications have been built to reflect certain
aspects of biodiversity [53,70]. According to cognitive development, different methods for
expressing community structures such as pattern indexes have also been proposed [71].
Second, as it is meaningless to study biodiversity, communities, and ecosystems without
considering a spatiotemporal scale, human cognition about biodiversity, communities, and
ecosystems is limited by the spatiotemporal scale. Moreover, the development of human
cognition can also improve our understanding of scale effects and can further enhance
the accuracy of species presentation in the presentation layer. Over the last three decades,
numerous studies have focused on BEF at fine scales and over short time periods [72].
Such studies reveal the mechanisms of BEF at small scales but do not test the mechanisms
involved at larger scales. Further understanding the role of scale in BEF research can help
guide policies on BEF management [53].

5.4. Effect Layer

The effect layer focuses on EFs and forms the outermost layer of the generating-
presentation model. Because EF is related to the effects of ecosystems, the layer is termed
the effect layer. Within this layer, there are tradeoffs and synergies among different EFs. In
addition, variations in the presentation layer generated from variations in the generating
layer can influence the effect layer. The effect layer can also have feedback effects on the
generating layer. A feedback loop thus exists between these three layers.

6. Discussion

6.1. Measuring Factors Affecting EFs

From the generating-presentation model we can conclude that EFs can be affected
by different factors corresponding to different layers or sublayers through 15 approaches.
For example, according to approach 1, EFs are directly affected by species life history or
species behavior. According to approach 2, EFs can be affected by community structures
and species life history or species behavior. Among the 15 approaches, 8 (approaches 5–12)
are related to biodiversity. Based on the factors identified to affect BEF in recent research,
various effect factors are incorporated into the generating-presentation model (Table 1). It
should be noted that the generating-presentation model can incorporate not only factors
affecting BEF but also those affecting EFs. In other words, biodiversity is identified as a
common factor that affects EFs in the model.
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Table 1. The approaches to express the effects of factors on ecosystem functions (EFs) in generating-
presentation model.

Approach Meaning

1 EF is affected by species life history or species behavior directly.

2 EF is affected by the community structure, and species life history or
species behavior.

3 EF is affected by the ecosystem, and species life history or species behavior.

4 EF is affected by the ecosystem, community structure, and species life history
or species behavior.

5 EF is affected by biodiversity, and species life history or species behavior.
Examples can be found in studies [23,24,57,65].

6
EF is affected by the community structure, biodiversity, and species life history
or species behavior.
Examples can be found in studies [14].

7
EF is affected by the ecosystem, biodiversity, and species life history or
species behavior.
Examples can be found in studies [43].

8
EF is affected by the ecosystem, community structure, biodiversity, and species
life history or behavior.
Examples can be found in studies [29,34,37,45].

9 EF is affected by biodiversity directly.
Examples can be found in studies [53,55,66].

10 EF is affected by the community structure and biodiversity.
Examples can be found in studies [11,16,21].

11 EF is affected by the ecosystem and biodiversity.
Examples can be found in studies [32,35,49,54,59].

12 EF is affected by the ecosystem, community structure, and biodiversity.
Examples can be found in studies [7,28,31,33,38,47].

13 EF is affected by the community structure directly.

14 EF is affected by the ecosystem and community structure.

15 EF is affected by the ecosystem directly.

The generating-presentation model provides a useful reference system for EFs or
ecosystem services research. In future BEF research, the approaches of effects of biodiversity
on EFs or ecosystem services can be clearly presented by this model. For instance, some
recent BEF studies cited in this article can be grouped in approaches 5–12 (Table 1).

6.2. Integrating Factors Affecting BEF with the Generating-Presentation Model

In general, the ultimate goal of BEF research is to evaluate the state of EF. In some cases,
the correlation between biodiversity and EF has been described as involving a cascade
process [72]. On one hand, as expressed by the approaches illustrated in the generating-
presentation model, this cascade process indicates that biodiversity, which is affected by
species, can influence the community structures and compositions of ecosystems. On the
other hand, as Isbell et al. [72] showed in their research, because of cascade processes, the
impacts of human activities on BEF may increase at larger spatial and longer temporal scales.
Furthermore, community structures and compositions can affect ecosystem processes,
which can in turn further lead to a variety of EFs. However, as a dynamic and open system,
the natural ecosystem has a typical dissipative structure whose factors have complex
sources. As a result, the separation of biodiversity and EFs from the ecosystem without
considering integrated features is not appropriate for BEF-related research.
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Biodiversity decline has drawn attention to the effects of biodiversity loss on EFs [2,73].
However, biodiversity is only a factor that affects EFs. Thus, when the research object is to
evaluate the state of EF, not only biodiversity but other factors must be studied—especially
when the main effect factors do not include biodiversity (approaches 1–4 and 13–15 of
the generating-presentation model). However, when the research objective is to evaluate
the state of biodiversity, factors related to biodiversity, such as land-use change, may be
considered [74]. These two research objectives are relatively independent of each other,
though relationships between biodiversity and EFs have been found in numerous studies.
Therefore, research on BEF may not be relevant in reference to certain areas, as relationships
between biodiversity and EFs are not always significant in certain regions.

7. Conclusions

As a new avenue for research in ecology, BEF research generally focuses on the effects
of biodiversity loss on EF. However, other factors, with the exception of biodiversity, also
affect EF and play an important role in BEF-related studies. In this work, the different
factors that affect BEF have been reviewed and summarized, and a new conceptual model,
the generating-presentation model, accounting for the links between effect factors and EF
has been built to provide a systematic means of understanding how different factors affect
BEF. The model shows that correlations between biodiversity and EF can be described
as involving a cascade process and that the separation of biodiversity and EFs from the
ecosystem without considering integrated features is not appropriate for BEF-related
research. The generating-presentation model thus comprehensively reveals the effects
of different factors on EFs and thus has key theoretical and applied implications. It is
suggested that the integration of effect factors in BEF could allow us to greatly advance our
knowledge of BEF.
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