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ARTICLE INFO ABSTRACT

Keywords: Alpine shrub-meadow is an important ecosystem type on the Qinghai-Tibetan Plateau, providing a variety of
Grassland degradation ecosystem services while supporting the livelihoods of pastoralists. However, there is a clear lack of under-
UAV images

standing of the changes in spatial patterns and ecosystem services of alpine shrub-meadow degradation. This
study combined aerial photography and ground surveys to investigate and analyse the impact of degradation on
the spatial patterns of alpine shrub-meadow and their ecosystem services, and the relationships between the
spatial patterns and ecosystem services. The results showed that degradation led to fragmentation and patchiness
in alpine shrub-meadow, as evidenced by a decrease in the proportion of shrub and meadow area and average
patch size, as well as the complexity of patch boundaries and shapes. Light and moderate degradation reduced all
ecosystem services in alpine shrub-meadow, with carbon storage, nutrient supply and water retention services
decreased by an average of 27.4%, 17.3% and 13.8% respectively, while forage supply services decreased by
65.2% at heavy degradation, and the reduction in alpine meadow ecosystem services was even greater. Regu-
lating services increased again at heavy degradation due to the accumulation and slow decomposition of plant
underground roots, and rodent activity. The spatial patterns of the meadow layer were more closely related to its
ecosystem services than the shrub layer, and fragmentation and patchiness were positively related to ecosystem
services. Our findings suggest that the impact of degradation on alpine shrub-meadow ecosystem services may be
non-linear and that the relationships between spatial patterns and ecosystem services need to be interpreted with
caution and should be analysed comprehensively with a wider range of influencing factors. Our results have
implications for grassland restoration and ecosystem service management on the Qinghai-Tibetan Plateau.

Landscape pattern metrics
Grassland ecosystem services

1. Introduction Degradation changes the structure and function of grassland eco-

systems, which in turn affects the delivery of ecosystem services (ES).

Grassland covers 40% of the earth’s surface and plays a critical role
in biodiversity conservation, climate and water regulation, and global
biogeochemical cycles. It provides a wide range of ecosystem services
for humankind, including food provisioning, water supply and reten-
tion, carbon storage, climate regulation, pollination and cultural service
(Suttie et al., 2005; O’Mara, 2012; Wilsey, 2018). Grassland degradation
has spread around the world and is increasing in extent and degree, with
roughly 49% of the world’s grasslands already degraded to some extent
(Abberton et al., 2010; Gang et al., 2014; Gibbs and Salmon, 2015). It
causes enormous environmental problems and poses a great threat to
humans who depend on it for food, fuel and medicine, as well as for
cultural values (Bayer, 2017; Bengtsson et al., 2019; Bardgett et al.,
2021).
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For example, grassland degradation alters water supply by affecting
water infiltration rates and storage capacity (Lemaire et al., 2011; Dai
et al., 2020), and the loss of soil organic carbon and release of CO5 can
alter climate regulation service (Liu et al., 2018), the decline in vege-
tation cover and the increase in the area of bare ground will reduce the
erosion prevention services of grassland (Fu et al., 2011), while the
decline in productivity of grassland directly affects its fodder production
services (Bengtsson et al., 2019). Various studies have analysed the loss
of grassland in the agro-pastoralist zone of northern China and the
impact of grazing pressure on typical grassland ecosystem services in the
Inner Mongolia region of China (Li et al., 2021c; Liu et al., 2021a).
Degradation and reduction of grassland in arid and semi-arid areas
significantly reduces carbon stocks, biodiversity and biomass, and
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exacerbates direct conflicts between regulating services and livestock
production services (Qi et al., 2017; Mbaabu et al., 2020). Degraded
grassland, even after restoration, still struggle to reach non-degraded
levels of biodiversity and ecosystem services (Ren et al., 2016).

The Qinghai-Tibetan Plateau (QTP), also known as the “Third Pole”,
is the highest plateau in the world, with an average altitude of over
4,000 m and an area of nearly 2.5 million km2 QTP acts as an important
reservoir for water, regulating climate change and water resources in
east Asia and even for the whole world (Qiu, 2008; Immerzeel et al.,
2010; Yang et al., 2011; Yao et al., 2012). Alpine grassland is an
important reservoir of biodiversity (Dong et al., 2017; Mi et al., 2021),
and an important carbon sink on the QTP, storing a total of 7.36 Pg C in
the top 1 m depth (Yang et al., 2008), with alpine meadow storing
roughly 26% of the total carbon in Chinese grassland (Ni, 2002). It is
also the bearer of livestock activities and an essential material basis for
the livelihoods of the 5 million herders on the plateau (Harris, 2010).
However, it has been observed that 90% of the alpine grassland on the
QTP has been degraded in recent decades, with 35% of the area being
severely degraded (Harris, 2010; Miehe et al., 2019). The degradation of
alpine grassland causes a range of ecological effects and consequences,
including the decline in plant diversity and productivity, reduction in
soil nutrients (Liu et al., 2018), increasing greenhouse gas emission (Su
et al., 2015) and the risk of soil erosion (Miehe et al., 2019), and
eventually leading to the loss of the ecosystem services. There are many
studies on the changes in the provisioning and regulating services of
alpine grassland, such as the use of models to evaluate the spatial
characteristics of the regulating services of alpine pastures on the QTP
(Li et al., 2015b), of the impact of alpine grassland degradation on
ecosystem services based on plot surveys (Wen et al., 2013a), and the
trade-offs between ecosystem services in alpine grassland (Xu et al.,
2019).

Alpine shrub-meadow is one of the most widespread vegetation types
on the QTP. It is often found on the shady slopes of mountains at
2500-4000 m above sea level and on the terraces of river valleys where
the water table is high, accounting for 4% of the total plateau area
(Yashiro et al., 2010). Alpine shrub-meadow has different ecological
structures and functions from alpine meadow, manifested in water
retention, water supply and carbon sink (Li et al., 2016; Dai et al., 2021;
Li et al., 2021a). It is often used as summer pastures and is important for
the livelihoods of pastoralists. Thus, it has a significant role to play in the
delivery of ecosystem services on the QTP. Degradation of alpine shrub-
meadow has occurred due to the short grazing periods and high grazing
pressure during summer, which observed in the northeastern QTP (Dai
et al., 2020), however, there is currently insufficient attention to this
issue, particularly in terms of knowledge of changes in its ecosystem
services.

Grassland degradation also causes changes in surface spatial pat-
terns, such as soil cracking, fragmentation of grassland patches and the
expansion of black soil beach (Qin et al., 2018; Niu et al., 2019; Song
et al., 2020). The spatial pattern of grassland is the most direct response
to changes in plant communities, soils and topography, such as vege-
tation cover, which is a simple pattern indicator that captures the
degradation of grassland. However, the spatial pattern information of
degraded grassland is not well described and understood in previous
studies. Traditional ground-based surveys have the disadvantages of
being time-consuming and costly, as well as damaging the ground sur-
face, while satellite remote sensing data have overcome these problems
to some extent, but their application is still limited due to the coarse
spatial and temporal resolution (Qin et al., 2020). The rapid develop-
ment of unmanned aerial vehicle (UAV) technology in recent years has
opened up new opportunities for ecological research, with the advan-
tages of rapid revisits, high spatial resolution and low cost, which make
up for the shortcomings of traditional satellite remote sensing data and
ground-based surveys (Anderson and Gaston, 2013; Manfreda et al.,
2018). UAV can identify spatial pattern characteristics of micro-patches
and specific feature types (e.g., rodent burrows) in alpine grassland
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(Anderson and Gaston, 2013; Qin et al., 2018; Tang et al., 2019).
However, there is still a lack of quantitative studies of spatial pattern
changes in alpine shrub-meadow with complete degradation sequences.

Changes in grassland ecosystem services are influenced by biotic or
abiotic factors such as plant communities, soils, hydrology and animals.
Degradation affects ES provision indirectly by altering these elements.
Spatial patterns, as a direct response to grassland degradation, are
shaped and changed with implications for grassland ecosystem services
(Wen et al., 2013b; Zhang et al., 2020). Various studies have analysed
the relationship between the spatial pattern of alpine grassland and soil
properties (Qin et al., 2018; Zhang et al., 2020; Li et al., 2021b) and
plant community structure (Song et al., 2020), but the relationship be-
tween the spatial pattern of degraded alpine shrub-meadow and its
ecosystem services is still poorly understood. The study of the rela-
tionship between landscape patterns and surface temperature and air
pollution in urban ecology is intended to investigate the impact of urban
spatial patterns on ecological functions, and to provide a reference for
improving the urban environment for human habitation (Xu et al., 2021;
Gao et al.,, 2022). Similarly, if we explore the spatial patterns of
degraded alpine grasslands in relation to their ecosystem services, and
identify the key pattern indicators and their characteristics that influ-
ence ecosystem services, we can contribute to the enhancement of alpine
grassland functions.

This study attempts to test two hypotheses: (1) the degradation of
alpine shrub-meadow alters their ecosystem services; and (2) there is a
correlation between the spatial pattern of alpine shrub-meadow and its
ecosystem services. This study takes a typical degraded alpine shrub-
meadow in the northeastern QTP as an example, and analyses changes
in spatial patterns and ecosystem services through UAV and ground
surveys. The objectives of this study were to quantitatively characterise
the spatial pattern of degraded alpine shrub-meadow and ecosystem
services at different levels of degradation, and to reveal the relationships
between the two. The research results will provide a guideline for the
restoration and management of degraded grasslands on the QTP.

2. Method and data
2.1. Study site

The study area is located on the northeastern part of the Qinghai-
Tibetan Plateau, in the middle of the piedmont alluvial fan on the
southern slopes of the Qilian Mountains, with flat topography and a
slope of < 5°, and an average altitude of 3320 m. The region has a typical
plateau continental climate, with only two seasons: the warm season is
cool and brief, and the cold season is cold and long. The average annual
temperature is —1.68 °C, with an extreme maximum of 27.8 °C and an
extreme minimum of —37.1 °C. The average annual precipitation is
590.1 mm, with most of the precipitation occurring between May and
September, accounting for 80% of the annual precipitation (Cao et al.,
2007). The main vegetation type is alpine shrub-meadow with two-layer
structure, Potentilla fruticosa as the dominant species in the upper layer
and an herbaceous layer dominated by Korbresia humilis in the lower
layer.

The study area is used as a summer pasture by herders and is grazed
from early June to mid-September each year. The grazing livestock are
yaks and Tibetan sheep, together with a significant number of plateau
pika (Ochotona curzoniae) in areas of severe grassland degradation. From
north to south, grazing management has been divided into communal
pastures (no control of livestock numbers at all), joint family pastures
(usually 2-3 families grazing together) and family pastures (single-
family grazing), separated by fences. According to our interviews with
herders, such grazing management has been practised for at least 30
years, which has led to the degradation of alpine shrub-meadow and
causing changes in surface landscapes and plant community structure
(Dai et al., 2020).
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2.2. Degradation classification of alpine shrub-meadow

The degree of alpine shrub-meadow degradation was classified as
light degradation (LD), moderate degradation (MD) and heavy degra-
dation (HD) using the cover of Potentilla fruticosa shrub, the number of
plant species and the cover of bare soil. The three degraded sites were
located in family pastures, joint family pastures and public pastures,
respectively. In addition, a grazing exclusion site (100 m x 100 m) was
selected as non-degraded (ND) alpine shrub-meadow (enclosed for more
than 4 years) (Table 1) (Dai et al., 2020) (Fig 1).

2.3. Field sampling

2.3.1. Sample plot setting for UAV and ground survey

We placed three plots (100 m x 100 m) in each degraded sample site,
which were equidistantly distributed at an approximate interval of 50 m
(Qin et al., 2019). In each plot, we placed three quadrats along the di-
agonal within it (Fig. 2), with three replicates. In addition, nine quadrats
are evenly distributed in the ND in an “S” shape. Aerial photography and
ground survey were carried out simultaneously, with the ground survey
quadrat located in the centre of the aerial photography quadrat. The size
of the aerial photography quadrat was 30 m x 30 m, and the size of the
ground survey quadrat was 5 m x 5 m (for alpine shrub) and 0.5m x 0.5
m (for alpine meadow), the total number of quadrats was 36.

2.3.2. Aerial photography

For each plot, a UAV (Phantom 4 Pro, DJI Innovation Company,
China), controlled by DJI GS PRO software, was used to take photo-
graphs of the quadrats at a height of 30 m, with the camera looking
down vertically. The Phantom 4 Pro has a camera with a 1/2.3” CMOS
sensor and 20 million pixels, the lens is 24 mm (35 mm format equiv-
alent) with a wide (84°) field of view angle. We chose clear weather and
light winds for our aerial photography work, which was carried out at
around 12 a.m. on August 22-23, 2020. The flying height is 30 m, and
the forward-overlap was set to 80%, and the side-overlap was 50% to
yield an image covering about 37 m x 30 m, with a ground resolution of
1.5 cm per pixel.

2.3.3. Soil and plant sampling

In each quadrat of ND, LD and MD, the above-ground biomass survey
was conducted in shrub and meadow at 5m x 5 m and 50 cm x 50 cm
respectively, while in the HD quadrat, it was conducted in the meadow
and bare soil patches at 50 cm x 50 cm. The aboveground biomass of
alpine meadow and bare soil was obtained by the standard harvesting
method, and the plant species were divided into palatable and non-
palatable forages. Above-ground biomass of alpine shrub was obtained
using the standard plant method: three shrubs of large, medium and
small stature were randomly selected within the quadrat according to
their canopy size, and all fresh branches and leaves of the whole shrub
were harvested as edible forage. Finally, they were brought back to the
laboratory and dried at 65 °C for 48 h before being weighed and
recorded.

Soil samples of 0-10, 10-20 and 20-30 cm were obtained near each
plant survey quadrat, using a 7 cm diameter soil auger, and replicated
three times per quadrat, for a total of nine replicates per sample plot. A
small number of soil samples were first sealed in aluminium boxes and

Table 1
Classification of alpine shrub-meadow degradation levels.

Degradation Shrub coverage Species Bare soil coverage
level (%) number (%)

ND 50-60 24 -

LD 40-50 22 -

MD 5-10 26 -

HD 0 14 30-40
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taken back to the laboratory to obtain the soil moisture content by
drying method (Cui et al., 2019). The remaining soil samples were tested
in the laboratory for soil organic carbon and soil total nitrogen respec-
tively. Soil organic carbon was tested by the ferrous ammonium sulfate
titrimetric method, and total soil nitrogen was tested using the
semi-micro Kjeldahl method (Wu et al., 2017).

2.4. Data processing

2.4.1. Ecosystem services of alpine shrub-meadow

We used palatable aboveground biomass (PGAB), soil organic carbon
(SOCQ), soil total nitrogen (TN) and soil water content (SWC) to represent
forage supply service (FS), carbon storage service (CS), nitrogen supply
service (NS) and water retention service (WR) in alpine shrub-meadow,
respectively.

2.4.2. UAV data processing and surface type classification

The raw UAV photos were pre-processed using Agisoft PhotoScan to
generate orthoimages, and then the images were classified into alpine
shrub, alpine meadow and bare soil based on an object-oriented classi-
fication method. The classification process was based on eCognition 9.0
software and included two processes: multi-resolution segmentation and
threshold method classification.

The multi-resolution segmentation had a segmentation scale of 15,
and a shape and compactness parameter of 0.5, which were obtained by
trial and error. Threshold method refers to a step-by-step classification
process by selecting indicators that reflect key information about the
image object, such as spectral, spatial and textural characteristics
(Table 2), and combined with the thresholds of these indicators and the
principles of the decision tree to classify images. Specific threshold
ranges were obtained by comparing the accuracy of the target features
and their classification results, and eventually obtaining empirical
thresholds that are appropriate for different features. Those classifica-
tion errors that are difficult to avoid and occur randomly during the
automatic classification process are modified directly using the manual
editing toolbar in the eCognition 9.0 software and finally exported as a
vector file, which is processed comprehensively in the GIS software to
obtain the final classification result.

320 ground truth samples of different landscape types (160 alpine
meadow, 120 alpine shrub and 40 bare soil) randomly generated by GIS
software were selected and identified in 45 quadrats to evaluate the
classification accuracy. The results show that the average overall accu-
racy was 93.59 % and the Kappa coefficient was 0.91; these values
satisfied the research requirements.

2.4.3. Selection and calculation of landscape pattern metrics

We selected eight landscape pattern metrics (LPMs) representing
attributes of the landscape such as dominance, fragmentation, distur-
bance and connectivity (Table 3). The R package landscapemetrics
(Hesselbarth et al., 2019) was used to calculate the LPMs.

2.5. Statistical analysis

All data in this study are presented as the average +£95% confident
interval. A one-way analysis of variance (ANOVA) and a post hoc test of
the Student-Newman-Keuls (SNK) test were performed using R 3.5.3 to
compare averages of landscape patterns and ecosystem services across
the different degradation stages at the p < 0.05 level. Spearman’s rank
correlation was used to study the relationship between the landscape
patterns and ecosystem services of alpine shrub-meadow.

3. Results
3.1. Spatial pattern characteristics of degraded alpine shrub-meadow

Before HD, the number of patches (NP) and patch density (PD) of
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Fig. 1. Study site location. Note: ND (Non-degradation), LD (light degradation), MD (moderate degradation) and HD (heavy degradation).
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Fig. 2. Field sampling and UAV aerial photography. Note: a, b and ¢ represent the location of the sample plots, aerial photography schematic and photographs of the
surface landscape at different levels of degradation, respectively. ND (Non-degradation), LD (light degradation), MD (moderate degradation) and HD (heavy

degradation).

Table 2

Feature parameters for surface type classification.

Features Feature Major purpose
characteristics
Spectral Mean brightness To classify alpine shrub and alpine
information meadow
Excess green To classify vegetation and non-vegetation,
(EXG) alpine shrub and alpine meadow
Geometry Shape index To classify alpine shrub and alpine
information meadow

alpine meadow decreased continuously, while they followed opposite
trends in alpine shrub (except for a slight decrease in the PD at MD). At
HD, the alpine shrub has completely disappeared from the surface and
has been replaced by alpine meadow and bare soil, while the number
and density of alpine meadow patches have increased rapidly (Fig. 3).
The percentage of landscape (PLAND) and the largest patch index
(LPI) of alpine meadow and alpine shrub followed similar trends at
different degradation levels. They did not change significantly at ND and
LD, but at MD, PLAND of alpine shrub rapidly decreased to 6.3%, and
alpine meadow increased to 93.7%, consisting almost of an individual
patch. The average area (Area_MN) of alpine meadow patches increased
rapidly to 3.94 m? at MD, while alpine shrub decreased to 0.02 m2. At
HD, the proportion of bare soil area increased rapidly to 39.1%. At this
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Table 3

Calculation of the selected landscape metrics and their interpretation.

Metric/acronym

Calculation/unit/description Indication

ED (Edge Density)

ENN_MN (Mean of
Euclidean Nearest-
Neighbor Distance)

LPI (Largest Patch Index)

PD (Patch Density)

AREA_MN (Mean of patch
area)

NP (Number of patches)

PLAND (Percentage of
landscape)

LSI (Landscape shape
index)

Calculation: the edge density equals
the sum of all edges of class i in
relation to the landscape area.

Unit: m/m?

Description: equals ED = 0 if only
one patch is present (and the
landscape boundary is not included)
and increases, without limit, as the
landscapes becomes more patchy
Calculation: ENN equals the distance
(m) to the nearest neighbouring
patch of the same type, based on
shortest edge-to-edge distance.

Fragmentation
Disturbance

Connectivity

Unit: m

Description: approaches ENN_MN =
0 as the distance to the nearest
neighbour decreases, i.e. Patches of
the same class i are more aggregated.
Increases, without limit, as the
distance between neighbouring
patches of the same class i increases,
i.e. patches are more isolated.
Calculation: it is the percentage of
the landscape covered by the
corresponding largest patch of each
class i.

Dominance

Unit: %

Description: largest patch index at
the class level quantifies the
percentage of total landscape area
comprised by the largest patch. As
such, it is a simple measure of
dominance.

Calculation: PD equals the number
of patches of the corresponding
patch type divided by total
landscape area.

Fragmentation

Unit: Number/m?

Description: increases as the

landscape gets more patchy. Reaches

its maximum if every cell is a

different patch.

Calculation: the metric summarizes

each class as the mean of all patch

areas belonging to class i. Patch-
structure

Composition

Unit: m?

Description: approaches AREA_MN
= 0 if all patches are small.
Increases, without limit, as the patch
areas increase.

Calculation: number of patches in
the landscape of patch type

Unit: None

Description: NP equals the number
of patches of the corresponding
patch type.

Calculation: proportion of the
landscape occupied by patch type
Unit: %

Description: PLAND equals the
percentage the landscape comprised
of the corresponding patch type.
Calculation: LSI equals 0.25 times
the sum of the entire landscape
boundary and all edge segments
within the landscape boundary
involving the corresponding patch
type, including some or all of those
bordering backgrounds, divided by
the square root of the total landscape

Fragmentation

Dominance

Disturbance

Ecological Indicators 135 (2022) 108541

Table 3 (continued)

Metric/acronym Calculation/unit/description Indication

area.

Unit: None

Description: a standardized measure
of total edge or edge density that
adjusts for the size of the landscape.

point, the LPI and Area_MN of alpine meadow declined rapidly as bare
soil divided the alpine meadow patches (Fig. 3).

The edge density (ED) and landscape shape index (LSI) of the alpine
meadow showed more fluctuating changes at different levels of degra-
dation, decreasing from ND to MD, and increasing again at HD (Fig. 3).
The ED of the alpine shrub showed a decreasing trend, while LSI showed
a decreasing and then increasing trend. The ED and LSI of the bare soil
were greatest at HD (Fig. 3). The linear distance (ENN_MN) between the
alpine meadow patches reaches a minimum at MD, while the linear
distance between the alpine shrub patches was increasing (Fig. 3).

3.2. Ecosystem services changes to the degradation of alpine shrub-
meadow

3.2.1. Ecosystem services changes of alpine meadow

Soil organic carbon (SOC) at 0-30 cm soil depth in alpine meadow
decreased with increasing soil depth at ND and HD, while it decreased
before it increased at LD and MD. At 0-10 cm and 10-20 c¢m soil depths,
SOC decreased significantly at LD and MD and then increased again to a
maximum at HD. At 20-30 cm, the variations in SOC between the
different levels of degradation were not significant (Fig. 4-a).

Soil total nitrogen (TN) at 0-30 cm soil depth in alpine meadow
showed a decrease followed by an increase at different levels of degra-
dation. The TN in the 0-10 cm soil depth reached a minimum at LD,
which was significantly lower than that in MD and HD, while it reached
a maximum at HD. At 20-30 cm it was also significantly lower at MD
than at other levels and was greatest at ND (Fig. 4-b).

Soil water content (SWC) in alpine meadow decreased gradually at
0-30 cm soil depth, with relatively little variation between soil depths.
SWC at 0-10 cm soil depth decreased significantly at LD and MD and
reached a minimum at MD, while it continued to increase to a maximum
at HD. SWC at 10-20 cm and 20-30 cm had similar characteristics to the
0-10 cm SWC (Fig. 4-c).

The palatable aboveground biomass (PAGB) in alpine meadow
decreased continuously with increasing degradation and was signifi-
cantly lower at HD than in other levels (Fig. 4-d).

3.2.2. Ecosystem services changes of alpine shrub

SOC of alpine shrub showed a decrease followed by an increase at
different soil depths in LD and MD, and reached a maximum at 20-30 cm
soil depth at ND and LD. SOC decreased at LD in 0-10 cm and increased
again at MD, but none of the changes was significant. The trend was the
same for 10-20 cm, while SOC continued to decrease at 20-30 cm soil
depth and reached a minimum at MD, but again the change was not
significant (Fig. 5-a).

TN in alpine shrub gradually decreased at different soil depths, it
reached its lowest at LD in 0-10 cm soil depth, while it varied little at
10-20 cm and significantly reduced at LD in 20-30 cm (Fig. 5-b).

SWC in the alpine shrub showed a continuous decrease at different
soil depths, and it was only significantly lower at MD than ND in 10-20
cm soil depth. It varied little between the different levels of degradation
at other soil depths (Fig. 5-c). The PAGB in the alpine shrub was
significantly reduced at MD (Fig. 5-d).

3.2.3. Ecosystem services changes of bare soil
The SOC and TN of the bare soil decreased as the depth of the soil
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layer deepened, while SWC reached its maximum at 10-20 cm, where
PAGB was 23.70 g/m? (Fig. 6).

3.3. The relationship between the spatial patterns and ecosystem services
of degraded alpine shrub-meadow

Except for nutrient supply (NS), other ecosystem services of alpine
meadow were significantly correlated with the most landscape pattern
features, with water retention (WR) and carbon storage (CS) have
greater correlation coefficients with landscape patterns. Most landscape
pattern features were significantly correlated with WR, CS and FS, while
NP has the closest relationship with the ecosystem services of alpine
meadow, followed by LSI, ED and PD (Fig. 7).

NP, LSI, ED and PD were significantly positively correlated with
water retention and carbon storage services, while LPI, PLAND and
Area_ MN were significantly negatively correlated with them. Forage
supply was significantly negatively correlated with NP and PD and
weakly correlated with other landscape patterns, while nutrient supply
was only weakly and significantly negatively correlated with ENN_MN.

Compared to alpine meadow, the ecosystem services of alpine shrub
were not as closely related to landscape patterns, with each service only
significantly correlated with one or two landscape patterns. The carbon
storage of alpine shrub has significant positive and negative correlations
with ED and PD, respectively. There is a significant negative correlation
between nutrient supply and ENN_MN. Water retention and forage
supply services, on the other hand, were significantly and positively
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correlated with LPI and LSI respectively, although the latter relationship
was weaker (Fig. 8).

4. Discussion

Grassland degradation is often followed by fragmentation and
patchiness (Harris, 2010; Liu et al., 2018). In this study, degradation
drastically altered the spatial pattern of alpine shrub meadow, leading to
fragmentation and complex patch boundaries and shapes. Using satellite
and drone monitoring, previous studies have also found that grassland
degradation at different spatial scales has also experienced fragmenta-
tion. For example, Li et al. (2020) suggest that spatial heterogeneity is a
good indicator of the extent of grassland degradation. Prishchepov et al.
(2021) found that Russian steppe experienced fragmentation from 1990
to 2018 due to anthropogenic or non-anthropogenic disturbances. Li
et al. (2021b) suggest that external disturbances, mainly rodent popu-
lation density, can cause fragmentation in alpine meadows.

Due to the small size of the study area, differences in environmental
factors such as climate and topography are limited, while the different
grazing regimes practised in the area are the main cause of the degra-
dation of alpine scrub meadows and the changes in their spatial pattern,
with prolonged uncontrolled grazing in public pastures leading to the
most severe degradation occurring. The direct cause of fragmentation of
alpine scrub meadows is the foraging and trampling by domestic animals
during overgrazing (Sun et al., 2019). In addition, significant numbers of
plateau pika (Ochotona curzoniae) activity have been observed in public
pastures, and their range of behaviours have increased the number and
size of bare soil patches (Qian et al., 2021).

Grassland degradation has generally caused a decline in ecosystem
services, and this paper found that light and moderate degradation has
led to a loss of various ecosystem services in alpine shrub-meadow.
Grassland degradation has led to the loss of various ecosystem services
such as biodiversity maintenance, carbon storage, nutrient regulation,
and water conservation services, as evidenced by studies in regions such
as Inner Mongolia and the QTP (Bai et al., 2012; Wen et al., 2013a; Wang
et al., 2014; Fan et al., 2019).

Grassland degradation on QTP has reduced plant diversity and pro-
ductivity (Liu et al., 2018), particularly the proportion of edible forage
has declined significantly. Grassland degradation also reduces soil
organic carbon and total soil nitrogen, with depletion rates that can
reach 48 and 39% respectively (Liu et al., 2021b). Possible reasons for
this include a decline in the amount of plant residues and root exudates
as a source of soil organic matter, the destruction of soil aggregates
leading to accelerated decomposition of soil organic matter (Dong et al.,
2012; Abdalla et al., 2018) and a reduction in the number of leguminous
species (Li et al., 2015a; Wang et al., 2015). In addition, grassland
degradation can reduce soil moisture by changing physical properties
such as soil texture and soil bulk density (Li et al., 2015a).

However, ecosystem services have also shown resilience in the face
of grassland degradation, for example, this paper finds that the regu-
lating services of shrub meadow increase again during the HD stage,
and, not coincidentally, similar phenomena are found in other parts of
the QTP. Studies have shown that soil organic carbon and soil water-
holding capacity has remained high in the black soil beach at the
heavy degradation stage of alpine meadow on the QTP (Zhang et al.,
2018; Guo et al., 2019; Wang et al., 2019).

Plant root decay and decomposition may be responsible for the in-
crease in soil organic carbon. The well-developed underground root
system of alpine meadow, especially those represented by Kobresia
meadow accumulates and thickens the meadow during the degradation
process, forming the so-called grass felt layer, while the decomposition
of dead roots and apoplastic matter further leads to an increase in soil
organic carbon (Gill and Jackson, 2000; Rasse et al., 2005; Miehe et al.,
2019; Dai et al., 2020). Changes in the physical properties of the soil
caused by rodent activity may be responsible for the increase in soil
moisture. At the HD stage of the alpine shrub-meadow, significant
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numbers of plateau pika can be observed and a range of disturbances
lead to a decrease in soil compaction and soil bulk density, an increase in
soil porosity that leading to an increase in water infiltration capacity and
thus an increase in soil moisture (Dai et al., 2019; Dai et al., 2020). In
addition, most studies have demonstrated a positive correlation between
soil organic carbon and soil moisture in grassland (Yang et al., 2014; Dai
et al., 2020) all of which contribute to the abnormal increase in
ecosystem services in alpine shrub-meadow under the HD stage.

The plant communities and surface landscapes have changed
dramatically during the degradation of alpine shrub-meadow and the
provisioning services have continued to decline, while other regulating
services have not continued to decline or even collapse, suggesting that
grassland ecosystems are resilient (Teng et al., 2020). Therefore, in the
restoration or management of degraded grassland on the QTP, a
comprehensive assessment of their ecosystem service status should be
carried out so that targeted measures can be taken, and more near-
natural restoration measures can be adopted (Du et al., 2020; Liu
et al., 2020).

This study found that the carbon storage and water retention services
of alpine meadow are more closely related to its spatial patterns. Spatial
pattern features representing fragmentation and disturbance (NP, PD,
LSI and ED) were positively correlated with both services, while spatial
pattern features reflecting size and dominance (PLAND and LPI) were
negatively correlated with the services. The majority view is that land-
scape fragmentation has a negative effect on ecosystem services
(Mitchell et al., 2015), while increased area dominance benefits
ecosystem services (Yohannes et al., 2021). This is a direct result of the
fact that the ecosystem services of alpine meadow were higher when the
landscape is fragmented and less dominant (at the ND and HD stages)
and lower when the alpine meadows become dominant and the patch
size is larger (at the MD stage).

In this study, the interpretation of ecosystem service changes
through spatial patterns is limited, especially the pattern characteristics
at small scales monitored by drones. The root causes of changes in
ecosystem services in alpine scrub meadows are complex effects of
changes in the structure and biomass of above- and below-ground plant
parts, as well as feedback from soil physicochemical properties to
external disturbances, while spatial patterns may play an insignificant
role. Therefore, the extent to which multiple factors influence ecosystem
services should be explored in depth to distinguish the true role of
spatial patterns.

In this paper, one provisioning service and three regulating services
of alpine shrub-meadow were selected, but other services, such as
biodiversity conservation service or cultural service, was not considered.
Future studies could include more ecosystem services to assess changes
in alpine shrub-meadow ecosystem services more comprehensively. In
addition, this study lacks an in-depth analysis of changes in ecosystem
services and the mechanisms by which they interrelate with landscape
patterns. In particular, how changes in soil physical properties and
vegetation below-ground root condition led to abnormal increases in
ecosystem services at the HD level. Therefore, the physical and chemical
properties of the soil, the structure of the plant community and the
condition of the underground root system should be investigated in
detail in future studies in order to provide a complete explanation of the
mechanisms of change in ecosystem services.

5. Conclusion

This paper investigated and analysed the impact of alpine shrub-
meadow degradation on its spatial pattern and ecosystem services on
the Qinghai-Tibetan Plateau using ground surveys and aerial photog-
raphy by UAV, and the relationship between the two. Degradation leads
to fragmentation and patchiness of alpine shrub and alpine meadows: a
decrease in the proportion of area and average size, as well as an in-
crease in the distance between patches. Ecosystem services continue to
decline in light and moderate degradation, while regulating services
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increase again in heavy degradation. The spatial pattern of alpine
meadows is more closely related to their carbon storage and water
retention services, but fragmentation and patchiness have a positive
relationship with these services. This study indicates that the ecosystem
services of alpine shrub meadows are resilient in the face of degradation
and that a comprehensive assessment of their status is needed to develop
targeted restoration measures. The relationship between spatial patterns
and ecosystem services needs to be interpreted with caution, and a clear
understanding of the true role of spatial patterns needs to be clarified
through a more comprehensive analysis of multiple factors. The results
of this study have implications for ecosystem service management and
degradation restoration in alpine grassland on the Qinghai-Tibetan
Plateau.

CRediT authorship contribution statement

Dawen Qian: Conceptualization, Methodology, Writing — original
draft. Yangong Du: Supervision, Project administration, Funding
acquisition. Qian Li: Resources, Writing — review & editing. Xiaowei
Guo: Formal analysis, Validation. Bo Fan: Visualization, Data curation.
Guangmin Cao: Supervision, Project administration, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study is supported by the National Natural Science Foundation
of China (Youth Program 32001241, General Program 3177053),
Qinghai Province S&T Program (2020-ZJ-938Q), “Light of West China”
Program of the Chinese Academy of Sciences (y929101211).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2022.108541.

References

Abberton, M.T., Conant, R.T., Batello, C., Food, Production, A.O.0.t.U.N.P., Division, P.,
Food, Nations, A.O.0.t.U., 2010. Grassland Carbon Sequestration: Management,
Policy and Economics: Proceedings of the Workshop on the Role of Grassland Carbon
Sequestration in the Mitigation of Climate Change, Rome, April 2009. Food and
Agriculture Organization of the United Nations.

Abdalla, K., Mutema, M., Chivenge, P., Everson, C., Chaplot, V., 2018. Grassland
degradation significantly enhances soil CO2 emission. Catena 167, 284-292. https://
doi.org/10.1016/j.catena.2018.05.010.

Anderson, K., Gaston, K.J., 2013. Lightweight unmanned aerial vehicles will
revolutionize spatial ecology. Front. Ecol. Environ. 11, 138-146. https://doi.org/
10.1890/120150.

Bai, Y., Wy, J., Clark, C.M., Pan, Q., Zhang, L., Chen, S., Wang, Q., Han, X., Wisley, B.,
2012. Grazing alters ecosystem functioning and C:N: P stoichiometry of grasslands
along a regional precipitation gradient. J. Appl. Ecol. 49, 1204-1215. https://doi.
org/10.1111/j.1365-2664.2012.02205.x.

Bardgett, R.D., Bullock, J.M., Lavorel, S., Manning, P., Schaffner, U., Ostle, N.,
Chomel, M., Durigan, G., Fry, E.L., Johnson, D., Lavallee, J.M., Le Provost, G.,
Luo, S., Png, K., Sankaran, M., Hou, X., Zhou, H., Ma, L., Ren, W., Li, X., Ding, Y.,
Li, Y., Shi, H., 2021. Combatting global grassland degradation. Nat. Rev. Earth
Environ. 2, 720-735. https://doi.org/10.1038/543017-021-00207-2.

Bayer, W., 2017. Building resilience of human-natural systems of pastoralism in the
developing world: interdisciplinary perspectives. Rangeland J. 39, 401-403. https://
doi.org/10.1071/RJv39n4_BR.

Bengtsson, J., Bullock, J.M., Egoh, B., Everson, C., Everson, T., O’Connor, T., O’Farrell, P.
J., Smith, H.G., Lindborg, R., 2019. Grasslands-more important for ecosystem
services than you might think. Ecosphere 10, e02582. https://doi.org/10.1002/
ecs2.2582.

Dai, L., Guo, X., Ke, X., Dy, Y., Zhang, F., Cao, G., 2020. The variation in soil water
retention of alpine shrub meadow under different degrees of degradation on

Ecological Indicators 135 (2022) 108541

northeastern Qinghai-Tibetan plateau. Plant Soil 458, 231-244. https://doi.org/
10.1007/511104-020-04522-3.

Dai, L., Guo, X., Ke, X., Du, Y., Zhang, F., Li, Y., Li, Q., Lin, L., Cao, G., Peng, C., Shu, K.,
2019. The response of Potentilla fruticosa communities to degradation succession in
Qinghai-Tibet plateau. Ecol. Environ. Sci. 28, 732-740. https://doi.org/10.16258/].
cnki.1674-5906.2019.04.012.

Cao, Guangmin, Du, Yangong, Liang, Dongying, Wang, Qilan, Wang, Changting, 2007.
Character of passive-active degradation process and its mechanism in alpine
kobresia meadow. J. Mountain Sci. 25 (6), 641-648 doi:1008-2786-(2007) 6-641-08.

Cui, Zeng, Wu, Gaolin, Huang, Ze, Liu, Yu, 2019. Fine roots determine soil infiltration
potential than soil water content in semi-arid grassland soils. J. Hydrol. 578,
124023. https://doi.org/10.1016/j.jhydrol.2019.124023.

Dai, L., Fu, R., Guo, X., Du, Y., Hu, Z., Cao, G., 2021. Alpine shrub had a stronger soil
water retention capacity than the alpine meadow on the northeastern Qinghai-
Tibetan Plateau. Ecol. Ind. 133, 108362. https://doi.org/10.1016/j.
ecolind.2021.108362.

Dong, S., Tang, L., Zhang, X., Liu, S., Liu, Q., Su, X., Zhang, Y., Wu, X., Zhao, Z,, 1i, Y.,
Sha, W., 2017. Relationship between plant species diversity and functional diversity
in alpine grasslands. Acta Ecol. Sinica. 37, 1472-1483. https://doi.org/10.5846/
stxb201509281981.

Dong, S.K., Wen, L., Li, Y.Y., Wang, X.X., Zhu, L., Li, X.Y., 2012. Soil-quality effects of
grassland degradation and restoration on the Qinghai-Tibetan Plateau. Soil Sci. Soc.
Am. J. 76, 2256-2264. https://doi.org/10.2136/ss5aj2012.0092.

Du, C., Jing, J., Shen, Y., Liu, H., Gao, Y., 2020. Short-term grazing exclusion improved
topsoil conditions and plant characteristics in degraded alpine grasslands. Ecol. Ind.
108, 105680. https://doi.org/10.1016/j.ecolind.2019.105680.

Fan, F., Liang, C.Z., Tang, Y.K., Harker-Schuch, I, Porter, J.R., 2019. Effects and
relationships of grazing intensity on multiple ecosystem services in the Inner
Mongolian steppe. Sci. Total Environ. 675, 642-650. https://doi.org/10.1016/j.
scitotenv.2019.04.279.

Fu, B, Liu, Y., Lii, Y., He, C., Zeng, Y., Wu, B, 2011. Assessing the soil erosion control
service of ecosystems change in the Loess Plateau of China. Ecol. Complexity 8,
284-293. https://doi.org/10.1016/j.ecocom.2011.07.003.

Gang, C., Zhou, W., Chen, Y., Wang, Z., Sun, Z., Li, J., Qi, J., Odeh, 1., 2014. Quantitative
assessment of the contributions of climate change and human activities on global
grassland degradation. Environ. Earth Sci. 72, 4273-4282. https://doi.org/10.1007/
$12665-014-3322-6.

Gao, J., Gong, J., Yang, J., Li, J., Li, S., 2022. Measuring Spatial Connectivity between
patches of the heat source and sink (SCSS): a new index to quantify the heterogeneity
impacts of landscape patterns on land surface temperature. Landscape Urban Plann.
217, 104260. https://doi.org/10.1016/j.landurbplan.2021.104260.

Gibbs, H.K., Salmon, J.M., 2015. Mapping the world’s degraded lands. Appl. Geogr. 57,
12-21. https://doi.org/10.1016/j.apgeog.2014.11.024.

Gill, R.A., Jackson, R.B., 2000. Global patterns of root turnover forterrestrial ecosystems.
New Phytol. 147, 13-31. https://doi.org/10.1046/j.1469-8137.2000.00681.x.

Guo, N., Degen, A.A., Deng, B., Shi, F., Bai, Y., Zhang, T., Long, R., Shang, Z., 2019.
Changes in vegetation parameters and soil nutrients along degradation and recovery
successions on alpine grasslands of the Tibetan plateau. Agric. Ecosyst. Environ. 284,
106593. https://doi.org/10.1016/j.agee.2019.106593.

Harris, R.B., 2010. Rangeland degradation on the Qinghai-Tibetan plateau: a review of
the evidence of its magnitude and causes. J. Arid Environ. 74, 1-12. https://doi.org/
10.1016/j.jaridenv.2009.06.014.

Hesselbarth H. K., Maximilian, Sciaini, Marco, With A, Kimberly, Wiegand, Kerstin,
Nowosad, Jakub, 2019. landscapemetrics: an open-source R tool to calculate
landscape metrics. Ecography 42 (10), 1648-1657. https://doi.org/10.1111/
ecog.04617.

Immerzeel, W.W., van Beek, L.P.H., Bierkens, M.FP., 2010. Climate change will affect the
Asian water towers. Science 328, 1382-1385. https://doi.org/10.1126/science:
1183188.

Lemaire, G., Hodgson, J., Chabbi, A., 2011. Grassland Productivity and Ecosystem
Services. CABI, Wallingford.

Li, C., de Jong, R., Schmid, B., Wulf, H., Schaepman, M.E., 2020. Changes in grassland
cover and in its spatial heterogeneity indicate degradation on the Qinghai-Tibetan
Plateau. Ecol. Ind. 119, 106641. https://doi.org/10.1016/j.ecolind.2020.106641.

Li, H.Q., Zhang, F.W., Li, Y.N., Wang, J.B., Zhang, L.M., Zhao, L., Cao, G.M., Zhao, X.Q.,
Du, M.Y., 2016. Seasonal and inter-annual variations in CO2 fluxes over 10 years in
an alpine shrubland on the Qinghai-Tibetan Plateau, China. Agri. Forest Meteorol.
228, 95-103. https://doi.org/10.1016/j.agrformet.2016.06.020.

Li, H., Zhang, F., Zhu, J., Guo, X, Li, Y., Lin, L., Zhang, L., Yang, Y., Li, Y., Cao, G.,
Zhou, H., Du, M., 2021a. Precipitation rather than evapotranspiration determines
the warm-season water supply in an alpine shrub and an alpine meadow. Agric. For.
Meteorol. 300, 108318. https://doi.org/10.1016/j.agrformet.2021.108318.

Li, J., Li, X., Gao, J., Kazhaocairang, Ma, G., Qi, X., 2021b. Micro-scale fragmentation of
the alpine meadow landscape on the Qinghai-Tibet Plateau under external
disturbances. Catena 201, 105220. https://doi.org/10.1016/j.catena.2021.105220.

Li, J., Zhang, F., Lin, L., Li, H., Du, Y., Li, Y., Cao, G., 2015a. Response of the plant
community and soil water status to alpine Kobresia meadow degradation gradients
on the Qinghai-Tibetan Plateau, China. Ecol. Res. 30, 589-596. https://doi.org/
10.1007/s11284-015-1258-2.

Li, X.-W., Li, M.-D., Dong, S.-K., Shi, J.-B., 2015b. Temporal-spatial changes in ecosystem
services and implications for the conservation of alpine rangelands on the Qinghai-
Tibetan Plateau. Rangeland J. 37, 31-43. https://doi.org/10.1071/1rj14084.

Li, X., Lyu, X., Dou, H., Dang, D., Li, S., Li, X., Li, M., Xuan, X., 2021c. Strengthening
grazing pressure management to improve grassland ecosystem services. Global Ecol.
Conserv. 31, e01782. https://doi.org/10.1016/j.gecco.2021.e01782.


https://doi.org/10.1016/j.ecolind.2022.108541
https://doi.org/10.1016/j.ecolind.2022.108541
https://doi.org/10.1016/j.catena.2018.05.010
https://doi.org/10.1016/j.catena.2018.05.010
https://doi.org/10.1890/120150
https://doi.org/10.1890/120150
https://doi.org/10.1111/j.1365-2664.2012.02205.x
https://doi.org/10.1111/j.1365-2664.2012.02205.x
https://doi.org/10.1038/s43017-021-00207-2
https://doi.org/10.1071/RJv39n4_BR
https://doi.org/10.1071/RJv39n4_BR
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1007/s11104-020-04522-3
https://doi.org/10.1007/s11104-020-04522-3
https://doi.org/10.16258/j.cnki.1674-5906.2019.04.012
https://doi.org/10.16258/j.cnki.1674-5906.2019.04.012
http://refhub.elsevier.com/S1470-160X(22)00012-7/optLBhwWQC9bU
http://refhub.elsevier.com/S1470-160X(22)00012-7/optLBhwWQC9bU
http://refhub.elsevier.com/S1470-160X(22)00012-7/optLBhwWQC9bU
https://doi.org/10.1016/j.jhydrol.2019.124023
https://doi.org/10.1016/j.ecolind.2021.108362
https://doi.org/10.1016/j.ecolind.2021.108362
https://doi.org/10.5846/stxb201509281981
https://doi.org/10.5846/stxb201509281981
https://doi.org/10.2136/sssaj2012.0092
https://doi.org/10.1016/j.ecolind.2019.105680
https://doi.org/10.1016/j.scitotenv.2019.04.279
https://doi.org/10.1016/j.scitotenv.2019.04.279
https://doi.org/10.1016/j.ecocom.2011.07.003
https://doi.org/10.1007/s12665-014-3322-6
https://doi.org/10.1007/s12665-014-3322-6
https://doi.org/10.1016/j.landurbplan.2021.104260
https://doi.org/10.1016/j.apgeog.2014.11.024
https://doi.org/10.1046/j.1469-8137.2000.00681.x
https://doi.org/10.1016/j.agee.2019.106593
https://doi.org/10.1016/j.jaridenv.2009.06.014
https://doi.org/10.1016/j.jaridenv.2009.06.014
https://doi.org/10.1111/ecog.04617
https://doi.org/10.1111/ecog.04617
https://doi.org/10.1126/science:1183188
https://doi.org/10.1126/science:1183188
http://refhub.elsevier.com/S1470-160X(22)00012-7/h0115
http://refhub.elsevier.com/S1470-160X(22)00012-7/h0115
https://doi.org/10.1016/j.ecolind.2020.106641
https://doi.org/10.1016/j.agrformet.2016.06.020
https://doi.org/10.1016/j.agrformet.2021.108318
https://doi.org/10.1016/j.catena.2021.105220
https://doi.org/10.1007/s11284-015-1258-2
https://doi.org/10.1007/s11284-015-1258-2
https://doi.org/10.1071/rj14084
https://doi.org/10.1016/j.gecco.2021.e01782

D. Qian et al.

Liu, M., Jia, Y., Zhao, J., Shen, Y., Pei, H., Zhang, H., Li, Y., 2021a. Revegetation projects
significantly improved ecosystem service values in the agro-pastoral ecotone of
northern China in recent 20 years. Sci. Total Environ. 788, 147756. https://doi.org/
10.1016/j.scitotenv.2021.147756.

Liu, M., Zhang, Z., Sun, J., Li, Y., Liu, Y., Liyew Berihun, M., Xu, M., Tsunekawa, A.,
Chen, Y., 2020. Restoration efficiency of short-term grazing exclusion is the highest
at the stage shifting from light to moderate degradation at Zoige, Tibetan Plateau.
Ecol. Indicators 114, 106323. https://doi.org/10.1016/j.ecolind.2020.106323.

Liu, S., Zamanian, K., Schleuss, P.-M., Zarebanadkouki, M., Kuzyakov, Y., 2018.
Degradation of Tibetan grasslands: consequences for carbon and nutrient cycles.
Agric. Ecosyst. Environ. 252, 93-104. https://doi.org/10.1016/j.agee.2017.10.011.

Liu, X., Wang, Z.Q., Zheng, K., Han, C.L., Li, L.H., Sheng, H.Y., Ma, ZW., 2021b. Changes
in soil carbon and nitrogen stocks following degradation of alpine grasslands on the
Qinghai-Tibetan Plateau: a meta-analysis. Land Degrad. Dev. 32, 1262-1273.
https://doi.org/10.1002/1dr.3796.

Manfreda, S., McCabe, M.F., Miller, P.E., Lucas, R., Pajuelo Madrigal, V., Mallinis, G.,
Ben Dor, E., Helman, D., Estes, L., Ciraolo, G., Miillerov4, J., Tauro, F., De Lima, M.I.,
De Lima, J.L.M.P., Maltese, A., Frances, F., Caylor, K., Kohv, M., Perks, M., Ruiz-
Pérez, G., Su, Z., Vico, G., Toth, B., 2018. On the Use of Unmanned Aerial Systems for
Environmental Monitoring. 10, 641.

Mbaabu, P.R., Olago, D., Gichaba, M., Eckert, S., Eschen, R., Oriaso, S., Choge, S.K.,
Linders, T.E.W., Schaffner, U., 2020. Restoration of degraded grasslands, but not
invasion by Prosopis juliflora, avoids trade-offs between climate change mitigation
and other ecosystem services. Sci. Rep. 10, 20391. https://doi.org/10.1038/541598-
020-77126-7.

Mi, X.C., Feng, G., Hu, Y.B., Zhang, J., Chen, L., Corlett, R.T., Hughes, A.C., Pimm, S.,
Schmid, B., Shi, S.H., Svenning, J.C., Ma, K.P., 2021. The global significance of
biodiversity science in China: an overview. Natl Sci Rev. 8. ARTN nwab03210.1093/
nsr/nwab032.

Miehe, G., Schleuss, P.-M., Seeber, E., Babel, W., Biermann, T., Braendle, M., Chen, F.,
Coners, H., Foken, T., Gerken, T., Graf, H.-F., Guggenberger, G., Hafner, S.,
Holzapfel, M., Ingrisch, J., Kuzyakov, Y., Lai, Z., Lehnert, L., Leuschner, C., Li, X.,
Liu, J., Liu, S., Ma, Y., Miehe, S., Mosbrugger, V., Noltie, H.J., Schmidt, J.,
Spielvogel, S., Unteregelsbacher, S., Wang, Y., Willinghoefer, S., Xu, X., Yang, Y.,
Zhang, S., Opgenoorth, L., Wesche, K., 2019. The Kobresia pygmaea ecosystem of the
Tibetan highlands - Origin, functioning and degradation of the world’s largest
pastoral alpine ecosystem Kobresia pastures of Tibet. Sci. Total Environ. 648,
754-771. https://doi.org/10.1016/j.scitotenv.2018.08.164.

Mitchell, M.G.E., Suarez-Castro, A.F., Martinez-Harms, M., Maron, M., McAlpine, C.,
Gaston, K.J., Johansen, K., Rhodes, J.R., 2015. Reframing landscape fragmentation’s
effects on ecosystem services. Trends Ecol. Evol. 30, 190-198. https://doi.org/
10.1016/j.tree.2015.01.011.

Ni, J., 2002. Carbon storage in grasslands of China. J. Arid Environ. 50, 205-218.
https://doi.org/10.1006/jare.2001.0902.

Niy, Y., Zhu, H., Yang, S., Ma, S., Zhou, J., Chu, B., Hua, R., Hua, L., 2019. Overgrazing
leads to soil cracking that later triggers the severe degradation of alpine meadows on
the Tibetan Plateau. Land Degrad. Dev. 30, 1243-1257. https://doi.org/10.1002/
1dr.v30.1010.1002/1dr.3312.

O’Mara, F.P., 2012. The role of grasslands in food security and climate change. Ann. Bot.
110, 1263-1270. https://doi.org/10.1093/aob/mcs209 %J Annals of Botany.

Prishchepov, A.V., Myachina, K.V., Kamp, J., Smelansky, L., Dubrovskaya, S.,

Ryakhov, R., Grudinin, D., Yakovlev, I., Urazaliyev, R., 2021. Multiple trajectories of
grassland fragmentation, degradation, and recovery in Russia’s steppes. Land
Degrad. Dev. 32, 3220-3235. https://doi.org/10.1002/1dr.3976.

Qi, J., Xin, X., John, R., Groisman, P., Chen, J., 2017. Understanding livestock
production and sustainability of grassland ecosystems in the Asian Dryland Belt.
Ecol. Processes 6. https://doi.org/10.1186/513717-017-0087-3.

Qian, D., Li, Q., Fan, B., Lan, Y., Cao, G., 2021. Characterization of the spatial
distribution of plateau pika burrows along an alpine grassland degradation gradient
on the Qinghai-Tibet Plateau. 11, 14905-14915. https://doi.org/10.1002/
ece3.8176.

Qin, Y., Yi, S., Ding, Y., Qin, Y., Zhang, W., Sun, Y., Hou, X., Yu, H., Meng, B., Zhang, H.,
Chen, J., Wang, Z., 2020. Effects of plateau pikas’ foraging and burrowing activities
on vegetation biomass and soil organic carbon of alpine grasslands. Plant Soil 458,
201-216. https://doi.org/10.1007/s11104-020-04489-1.

Qin, Y., Yi, S., Ding, Y., Zhang, W., Qin, Y., Chen, J., Wang, Z., 2019. Effect of plateau
pika disturbance and patchiness on ecosystem carbon emissions in alpine meadow in
the northeastern part of Qinghai-Tibetan Plateau. Biogeosciences 16, 1097-1109.
https://doi.org/10.5194/bg-16-1097-2019.

Qin, Y., Yi, S.H., Ding, Y.J., Xu, G.W., Chen, J.J., Wang, Z.W., 2018. Effects of small-scale
patchiness of alpine grassland on ecosystem carbon and nitrogen accumulation and
estimation in northeastern Qinghai-Tibetan Plateau. Geoderma 318, 52-63. https://
doi.org/10.1016/j.geoderma.2017.12.007.

Qiu, J., 2008. The third pole. Nature 454, 393-396. https://doi.org/10.1038/454393a.

Rasse, D.P., Rumpel, C., Dignac, M.-F., 2005. Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant Soil 269, 341-356. https://doi.org/
10.1007/511104-004-0907-y.

Ren, Y., Lii, Y., Fu, B, 2016. Quantifying the impacts of grassland restoration on
biodiversity and ecosystem services in China: a meta-analysis. Ecol. Eng. 95,
542-550. https://doi.org/10.1016/j.ecoleng.2016.06.082.

Song, M.-H., Cornelissen, J.H.C., Li, Y.-K., Xu, X.-L., Zhou, H.-K., Cui, X.-Y., Wang, Y.-F.,
Xu, R.-Y., Feng, Q., Zhang, W.-H., 2020. Small-scale switch in cover-perimeter

10

Ecological Indicators 135 (2022) 108541

relationships of patches indicates shift of dominant species during grassland
degradation. J. Plant Ecol. 13, 704-712. https://doi.org/10.1093/jpe/rtaa057.

Su, X.K., Wu, Y., Dong, S.K., Wen, L., Li, Y.Y., Wang, X.X., 2015. Effects of grassland
degradation and re-vegetation on carbon and nitrogen storage in the soils of the
Headwater Area Nature Reserve on the Qinghai-Tibetan Plateau, China. J. Mt Sci-
Engl. 12, 582-591. https://doi.org/10.1007/511629-014-3043-z.

Sun, J., Hou, G., Liu, M., Fu, G., Zhan, T., Zhou, H., Tsunekawa, A., Haregeweyn, N.,
2019. Effects of climatic and grazing changes on desertification of alpine grasslands,
Northern Tibet. Ecol. Ind. 107, 105647. https://doi.org/10.1016/j.
ecolind.2019.105647.

Suttie, J.M., Reynolds, S.G., Batello, C., 2005. Grasslands of the World. Food and
Agricultural Organization of the United Nations.

Tang, Z., Zhang, Y., Cong, N., Wimberly, M., Wang, L., Huang, K., Li, J., Zu, J., Zhu, Y.,
Chen, N., 2019. Spatial pattern of pika holes and their effects on vegetation coverage
on the Tibetan Plateau: an analysis using unmanned aerial vehicle imagery. Ecol.
Ind. 107, 105551. https://doi.org/10.1016/j.ecolind.2019.105551.

Teng, Y., Zhan, J., Agyemang, F.B., Sun, Y., 2020. The effects of degradation on alpine
grassland resilience: a study based on meta-analysis data. Global Ecol. Conserv. 24,
€01336. https://doi.org/10.1016/j.gecco.2020.e01336.

Wang, S., Fan, J., Li, Y., Wy, D., Zhang, Y., Huang, L., 2019. Dynamic response of water
retention to grazing activity on grassland over the Three River Headwaters region.
Agric. Ecosyst. Environ. 286, 106662. https://doi.org/10.1016/j.agee.2019.106662.

Wang, X.X., Dong, S.K., Sherman, R., Liu, Q.R., Liu, S.L.,, Li, Y.Y., Wu, Y., 2015.

A comparison of biodiversity-ecosystem function relationships in alpine grasslands
across a degradation gradient on the Qinghai-Tibetan Plateau. Rangeland J. 37,
45-55, https://doi.org/10.1071/Rj14081.

Wang, X., Dong, S., Yang, B., Li, Y., Su, X., 2014. The effects of grassland degradation on
plant diversity, primary productivity, and soil fertility in the alpine region of Asia’s
headwaters. Environ. Monit. Assess. 186, 6903-6917. https://doi.org/10.1007/
510661-014-3898-z.

Wen, L., Dong, S., Li, Y., Li, X., Shi, J., Wang, Y., Liu, D., Ma, Y., Schumann, G.-P., 2013a.
Effect of degradation intensity on grassland ecosystem services in the Alpine Region
of Qinghai-Tibetan Plateau, China. PLoS One 8, e58432. https://doi.org/10.1371/
journal.pone.0058432.

Wen, L., Dong, S.K., Li, Y.Y., Sherman, R., Shi, J.J., Liu, D.M., Wang, Y.L., Ma, Y.S.,
Zhu, L., 2013b. The effects of biotic and abiotic factors on the spatial heterogeneity
of alpine grassland vegetation at a small scale on the Qinghai-Tibet Plateau (QTP).
China. Environ Monit Assess. 185, 8051-8064. https://doi.org/10.1007/s10661-
013-3154-y.

Wilsey, B.J., 2018. The Biology of Grasslands. Oxford University Press, Oxford.

Xu, W, Jin, X., Liu, M., Ma, Z., Wang, Q., Zhou, Y., 2021. Analysis of spatiotemporal
variation of PM2.5 and its relationship to land use in China. Atmos. Pollut. Res. 12,
101151. https://doi.org/10.1016/j.apr.2021.101151.

Wu, Junxi, Zhao, Yan, Yu, Chengqun, Luo, Liming, Pan, Ying, 2017. Land management
influences trade-offs and the total supply of ecosystem services in alpine grassland in
Tibet, China. J. Environ. Manage. 193, 70-78. https://doi.org/10.1016/j.
jenvman.2017.02.008.

Xu, Y.D., Dong, S.K., Gao, X.X., Yang, M.Y., Li, S., Shen, H., Xiao, J.N., Han, Y.H.,
Zhang, J., Li, Y., Zhi, Y.L., Yang, Y.F., Liu, S.L., Dong, Q.M., Zhou, H.K., Stufkens, P.,
2019. Trade-offs and cost-benefit of ecosystem services of revegetated degraded
alpine meadows over time on the Qinghai-Tibetan Plateau. Agr. Ecosyst. Environ.
279, 130-138. https://doi.org/10.1016/j.agee.2019.04.015.

Yang, F., Zhang, G.-L., Yang, J.-L., Li, D.-C., Zhao, Y.-G., Liu, F., Yang, R.-M., Yang, F.,
2014. Organic matter controls of soil water retention in an alpine grassland and its
significance for hydrological processes. J. Hydrol. 519, 3086-3093. https://doi.org/
10.1016/j.jhydrol.2014.10.054.

Yang, K., Ye, B., Zhou, D., Wu, B., Foken, T., Qin, J., Zhou, Z., 2011. Response of
hydrological cycle to recent climate changes in the Tibetan Plateau. Clim. Change
109, 517-534. https://doi.org/10.1007/5s10584-011-0099-4.

Yang, Y.H., Fang, J.Y., Tang, Y.H., Ji, C.J., Zheng, C.Y., He, J.S., Zhu, B.A., 2008. Storage,
patterns and controls of soil organic carbon in the Tibetan grasslands. Glob. Change
Biol. 14, 1592-1599. https://doi.org/10.1111/].1365-2486.2008.01591.x.

Yao, T., Thompson, L., Yang, W., Yu, W., Gao, Y., Guo, X., Yang, X., Duan, K., Zhao, H.,
Xu, B, Py, J., Lu, A, Xiang, Y., Kattel, D.B., Joswiak, D., 2012. Different glacier
status with atmospheric circulations in Tibetan Plateau and surroundings. Nat. Clim.
Change 2, 663-667. https://doi.org/10.1038/nclimate1580.

Yashiro, Y., Shizu, Y., Hirota, M., Shimono, A., Ohtsuka, T., 2010. The role of shrub
(Potentilla fruticosa) on ecosystem CO2 fluxes in an alpine shrub meadow. J. Plant
Ecol. 3, 89-97. https://doi.org/10.1093/jpe/rtq011.

Yohannes, H., Soromessa, T., Argaw, M., Dewan, A., 2021. Impact of landscape pattern
changes on hydrological ecosystem services in the Beressa watershed of the Blue Nile
Basin in Ethiopia. Sci. Total Environ. 793, 148559. https://doi.org/10.1016/].
scitotenv.2021.148559.

Zhang, R., Li, F., Wang, Y., Ma, L., Sang, C., Wang, L., Guo, R., Zhao, X., Shang, Z., 2018.
Characteristics of biomass carbon density of degraded natural grassland and artificial
grassland in the “Three-River Headwaters” Region. J. Nat. Resour. 33, 185-194.
https://doi.org/10.11849/zrzyxb.20161402.

Zhang, W., Yi, S., Qin, Y., Sun, Y., Shangguan, D., Meng, B., Li, M., Zhang, J., 2020.
Effects of Patchiness on Surface Soil Moisture of Alpine Meadow on the Northeastern
Qinghai-Tibetan Plateau: Implications for Grassland Restoration. 12, 4121.


https://doi.org/10.1016/j.scitotenv.2021.147756
https://doi.org/10.1016/j.scitotenv.2021.147756
https://doi.org/10.1016/j.ecolind.2020.106323
https://doi.org/10.1016/j.agee.2017.10.011
https://doi.org/10.1002/ldr.3796
https://doi.org/10.1038/s41598-020-77126-7
https://doi.org/10.1038/s41598-020-77126-7
https://doi.org/10.1016/j.scitotenv.2018.08.164
https://doi.org/10.1016/j.tree.2015.01.011
https://doi.org/10.1016/j.tree.2015.01.011
https://doi.org/10.1006/jare.2001.0902
https://doi.org/10.1002/ldr.v30.1010.1002/ldr.3312
https://doi.org/10.1002/ldr.v30.1010.1002/ldr.3312
https://doi.org/10.1093/aob/mcs209 &percnt;J Annals of Botany
https://doi.org/10.1002/ldr.3976
https://doi.org/10.1186/s13717-017-0087-3
https://doi.org/10.1007/s11104-020-04489-1
https://doi.org/10.5194/bg-16-1097-2019
https://doi.org/10.1016/j.geoderma.2017.12.007
https://doi.org/10.1016/j.geoderma.2017.12.007
https://doi.org/10.1038/454393a
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1016/j.ecoleng.2016.06.082
https://doi.org/10.1093/jpe/rtaa057
https://doi.org/10.1007/s11629-014-3043-z
https://doi.org/10.1016/j.ecolind.2019.105647
https://doi.org/10.1016/j.ecolind.2019.105647
http://refhub.elsevier.com/S1470-160X(22)00012-7/h0275
http://refhub.elsevier.com/S1470-160X(22)00012-7/h0275
https://doi.org/10.1016/j.ecolind.2019.105551
https://doi.org/10.1016/j.gecco.2020.e01336
https://doi.org/10.1016/j.agee.2019.106662
https://doi.org/10.1071/Rj14081
https://doi.org/10.1007/s10661-014-3898-z
https://doi.org/10.1007/s10661-014-3898-z
https://doi.org/10.1371/journal.pone.0058432
https://doi.org/10.1371/journal.pone.0058432
https://doi.org/10.1007/s10661-013-3154-y
https://doi.org/10.1007/s10661-013-3154-y
http://refhub.elsevier.com/S1470-160X(22)00012-7/h0315
https://doi.org/10.1016/j.apr.2021.101151
https://doi.org/10.1016/j.jenvman.2017.02.008
https://doi.org/10.1016/j.jenvman.2017.02.008
https://doi.org/10.1016/j.agee.2019.04.015
https://doi.org/10.1016/j.jhydrol.2014.10.054
https://doi.org/10.1016/j.jhydrol.2014.10.054
https://doi.org/10.1007/s10584-011-0099-4
https://doi.org/10.1111/j.1365-2486.2008.01591.x
https://doi.org/10.1038/nclimate1580
https://doi.org/10.1093/jpe/rtq011
https://doi.org/10.1016/j.scitotenv.2021.148559
https://doi.org/10.1016/j.scitotenv.2021.148559
https://doi.org/10.11849/zrzyxb.20161402

	Impacts of alpine shrub-meadow degradation on its ecosystem services and spatial patterns in Qinghai-Tibetan Plateau
	1 Introduction
	2 Method and data
	2.1 Study site
	2.2 Degradation classification of alpine shrub-meadow
	2.3 Field sampling
	2.3.1 Sample plot setting for UAV and ground survey
	2.3.2 Aerial photography
	2.3.3 Soil and plant sampling

	2.4 Data processing
	2.4.1 Ecosystem services of alpine shrub-meadow
	2.4.2 UAV data processing and surface type classification
	2.4.3 Selection and calculation of landscape pattern metrics

	2.5 Statistical analysis

	3 Results
	3.1 Spatial pattern characteristics of degraded alpine shrub-meadow
	3.2 Ecosystem services changes to the degradation of alpine shrub-meadow
	3.2.1 Ecosystem services changes of alpine meadow
	3.2.2 Ecosystem services changes of alpine shrub
	3.2.3 Ecosystem services changes of bare soil

	3.3 The relationship between the spatial patterns and ecosystem services of degraded alpine shrub-meadow

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


