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Abstract: The Three-Rivers Headwaters region (TRHR) is an ecological shelter located in the northeast
of the Tibetan Plateau, China, that provides environmental protection and regional sustainable
development. This region also provides ecosystem services including water supply and soil
conservation and exerts major impacts on both its surroundings, as well as the whole of China.
A number of ecological restoration projects have been initiated within the TRHR since 2000, including
the creation of a natural reserve. Analyses of trends in land use/land cover (LULC), net primary
productivity (NPP), water yield and soil conservation within the TRHR are presented based on
regional climate and land use datasets and utilizing the Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) model in tandem with the double mass curve (DMC) approach. The results
of this study reveal a series of correlations between ecosystem services and lead to four distinct
conclusions. First, the amount of variation between 2000 and 2012 in each LULC type within the
TRHR was small. In particular, grassland substitution occurred in high-altitude areas and increased
in central areas. Second, NPP, water yield, soil conservation amount and the volume of exported
phosphorus (P) decreased along an east-west gradient with values of 64.44%, 38.81%, 7.37% and
−49.98% recorded, respectively, between 2000 and 2012. The ecosystem services of the Yellow River
basin to the east of the TRHR generally improved over the study period, while those of the Yangtze
River and Lancang River basins where enhanced to a lesser extent, and obvious degradation was
observed in some local areas. Third, the ecosystem services provided by forested land were highest,
followed by grassland and cultivated land, respectively. Fourth, synergistic relationships were
observed within the TRHR between NPP, water yield and soil conservation amount, indicating that
increasing NPP simultaneously increased the values for these related factors. Synergistic relationships
were also recorded between water yield and the amount of exported P, suggesting that increases in
the former cause a reduction in water purity.

Keywords: water yield; soil conservation; NPP; synergy; ecosystem service; Three-Rivers Headwater
region; Tibetan Plateau; China

1. Introduction

Because of the rapid development of economic societies from the 19th Century onwards, the global
conversion of ecosystems from natural to artificial (i.e., into farmland and urban ecological systems) is
accelerating [1–5]. The negative impacts of human economic activities on the environment have been
widely studied, and it is well known that current landscape transformation and utilization approaches
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are unsustainable [6,7]. In order to satisfy the needs of humans for food and fuel, additional land
will inevitably need to be converted in the future [8], and the damage wrought on ecosystem services
is very likely to be transmitted to the resources on which we depend. It is therefore of paramount
importance to safeguard ecosystems to ensure their services, while at the same time developing the
economy and improving quality of life.

Over the last 20 years, the concept of an “ecosystem service” has attracted a great deal of
attention. This concept refers to the conditions and utilities of the natural environment of ecosystems,
as well as the ecological processes that humans rely on, specifically the benefits derived from these
systems [9]. Current research has afforded a great deal of attention to multiple ecosystem services
and has gradually generated a better understanding of their inter-relationships [10]. The Millennium
Ecosystem Assessment defined four categories of ecosystem service, supply, regulation, support and
cultural [11].

Global climate and land use/land cover (LULC) changes are thought to be the main factors that
drive temporal and spatial variation in ecosystem services and function [12–14]. At the same time,
human activities can also cause changes in LULC at medium-to-small scales, resulting in impacts
on ecosystem supply services [15], while climate change also regulates these regional services at the
macroscopic scale [16–18]. Numerous previous studies have shown that ecological issues, such as
shortages of regional water resources, the degradation of ecosystem services and the increasing risk of
natural disasters, can all be attributed to climate change or changes in LULC [19–21]. Thus, analyses of
the relationships between ecosystem services can help to determine optimal decision points to balance
the costs and benefits associated with diverse human uses [22,23].

Ecosystem services are usually considered to be temporally static [24]. However, environmental
changes and mutual feedbacks between human activities and ecosystems nevertheless affect both
services and functions [25–27]. These feedbacks enhance the negative impacts of human activities
on ecosystems, possibly leading to degradation and reductions in human benefits [28]. However,
compared with the rate of the response of social economic indicators to change, there is an obvious
time lag between those of ecosystem services on human activity [24]. Ignorance of these dynamics can
increase the risk of changes in ecological conditions and reduce the ability of ecosystems to supply
commodities and services [26,28–30]. As a result, research in recent years has tended to be concerned
about not just static ecosystem services, but also their temporal and spatial flow [31].

The various ecosystem services and functions that are known differ from one another not only in
their specific temporal and spatial scales, but also in terms of the trade-offs and synergies that exist
between them given the impacts of human activities and administrative decisions [32]. Temporal and
spatial heterogeneity also exists in terms of trade-off and synergies between ecosystem services and
functions. Turner et al. [33] quantified the temporal and spatial trade-offs and synergies among 11
ecosystem services in Denmark; the results of this study demonstrated the presence of a trade-off
relationship between supply and cultural services, as well as a synergistic trend between regulation
and cultural services. In similar work, Jia et al. [23] assessed a series of supply and regulation services,
including soil conservation, water yield and net primary productivity (NPP) in northern Shaanxi
Province, China, to reveal a trade-off between supply and regulation services, as well as a synergy
in the maintenance of various regulation services. The existing research methods used to assess
trade-off and synergy relationships within ecosystems are, however, dominated by quantification
and include the use of spatial distributions, scenario analyses and model simulations [34]. Studies
aimed at identifying the temporal and spatial relationships of ecosystem trade-offs have so far rarely
been undertaken.

In order to identify the relationships between different ecosystem services, it is crucial to first
assess their changes before determining common drivers and interactions [10]. Numerous studies have
analyzed the common drivers that underlie changes in ecosystem services, including LULC and climate
changes, as well as policy interventions. Such drivers also impact multiple ecosystem services via their
interactions [35]; for example, water and soil in natural ecosystems not only generate a multitude of
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services, but also provide critical linkages between multiple services. Thus, in terms of water quantity
and soil conservation amount, these resources both share common hydrological processes as their
abundances are driven by precipitation, vegetation cover and land use. In other words, the amount of
water yield depends on soil properties and vegetation cover and further illustrates why analysis of the
drivers of, and interactions between, ecosystem services is indispensable.

The Three-Rivers Headwater region (TRHR) is located at the “third pole” in the hinterland of the
Tibetan Plateau. This region is the source of the Yellow, Yangtze and Lancang river systems and is
often referred to as the “Water Tower of China” [36,37]. The TRHR is a priority area for biodiversity
protection in China, as it is known as the “gene bank for alpine bio-resources”; this region is hugely
significant in terms of ecosystem services provision, natural landscapes and biological diversity as
well as for the maintenance of ecological security and sustainable development in China and Southeast
Asia. As a result, the TRHR is also a critical ecological barrier on the Tibetan Plateau; however, because
of its high altitude and harsh alpine conditions, including thin soils and a typically harsh and cold
environment with surface plants dominated by alpine grassland [38], this ecosystem is also very fragile
and extremely sensitive to climate change [37,39]. Previous studies have shown, for example, that since
the 1980s, a warming and wetting trend in the climate of the TRHR has dominated, accompanied by
accelerated development of the agricultural economy in this region. Thus, given the double impacts of
climate change and human activities, ecosystem functions of the TRHR, including water yield and
soil conservation, have been severely degraded [40–42]. To mitigate these changes, a provincial nature
reserve was established in Qinghai Province, China, in 2000, while a national ecological protection and
construction engineering project was initiated in 2005 to carry out ecological restoration and protection
measures in an attempt to protect and restore this degrading ecosystem [43].

Given this background of climate change, human activities and economic policy interference,
how will plant growth, water yields and soil conservation ability in the TRHR change? What are the
interactions between various ecosystem services? Research so far on the ecosystem services of the
TRHR has been focused on identifying temporal and spatial changes in single service items, and few
investigations have been concerned with multiple ecosystem services. The interactions between
ecosystem services have so far been ignored. Thus, the aims of this study were to: (1) investigate LULC
changes in the TRHR between 2000 and 2012; (2) assess temporal and spatial trends in NPP, water
yield and amount of soil conservation in the TRHR; and (3) establish a double mass curve (DMC) of
various ecosystem services in the TRHR and to reveal the trade-offs and synergies between various
ecosystem services.

2. Overview of Research Area

The TRHR is located in the south of Qinghai Province at altitudes ranging between 2560 and
6826 m (Figure 1). This region is the common source of the Yangtze, Yellow and Lancang rivers and is
often referred to as the “Water Tower of China” as it functions as an ecological shelter safeguarding
national environment conditions and regional sustainable development. This region is also the
largest, highest and most diversified wetland globally, encompassing a densely-covered area of
around 1100 km2 [44]. This region is dominated by alpine meadow, scrub meadow and grassland and
comprises a relatively simple ecosystem with a unique ecological environment, as well as a complicated
landscape and topography. The TRHR is one of the globally most sensitive and fragile ecosystems.

2.1. TRHR Ecological Protection and Restoration

Between the 1980s and 2000, degradation of TRHR ecosystems took place consistently [44] and
seriously interfered with the structure and function of regional local ecosystems and downstream
areas. However, subsequent to 2005, an ecological reserve was gradually established within the TRHR,
including core, buffer and trial areas (Figure 1). The purposes of this reserve included ecological
protection and construction, infrastructure creation for the livelihoods and production of farmers
and herders and supporting facilities for ecological protection. The area of the reserve incorporated
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70 towns and villages encompassing four prefectures, 16 counties and one city, including Yushu County,
Guoluo, Huangnan and Hainan prefectures and the city of Geermu. The total area of the reserve is
152,300 km2.
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between −13.34 and 4.98 °C, decreasing along a gradient from east-to-west, while annual precipitation 
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southeast-to-northwest. Between 2000 and 2012, the climatic conditions of the TRHR were 
characterized by a trend of warming and wetting, as revealed by time series data. Over the course of 
our study period, both precipitation and temperature increased annually by averages of 11.32 mm 
year−1 (p < 0.1) and 0.059 °C year−1 (p < 0.1), respectively (Figure 2). Data show that overall slope of 
annual mean temperature diminished from the southwest to the northeast, while in different basins 
and counties, the Lancang River basin, including Nangqian, Yushu, Zaduo and Zhiduo counties, 
experienced the largest annual temperature increase within the TRHR, followed by the Yangtze and 
Yellow river basins. The spatial distribution of wetting trends is characterized by a decrease from 
east-to-west, while the linear trend line slope of annual precipitation is 12.38 mm year−1 in the Yellow 
River basin, including Zeku, Henan and Chengduo counties, 10.23 mm year−1 in the Yangtze River 
basin and 8.72 mm year−1 in the Lancang River basin. 

Figure 1. Map to show the geographic location of the Three-Rivers Headwaters region (TRHR).
This natural reserve contains three regions encompassing core, buffer and trial areas; of these, the first is
strictly managed with no grazing allowed and the implementation of measures to protect endangered
species. Thus, all development and land use within the core zone are prohibited; this is a “no man
zone”, and all former residents have been resettled elsewhere. Conservation is promoted in the buffer
area alongside limited and rotational grazing, while the trial area is used for scientific investigations,
eco-tourism and other green industries.

2.2. TRHR Climate Change

Because the average altitude of the TRHR is greater than 4500 m, this area is characterized
by a cold and dry climate with an annual mean temperature of −3.03 ◦C. Temperature varies
spatially between −13.34 and 4.98 ◦C, decreasing along a gradient from east-to-west, while annual
precipitation is 428 mm, varying spatially between 144.16 and 728.51 mm and decreasing along a
gradient from southeast-to-northwest. Between 2000 and 2012, the climatic conditions of the TRHR
were characterized by a trend of warming and wetting, as revealed by time series data. Over the
course of our study period, both precipitation and temperature increased annually by averages of
11.32 mm year−1 (p < 0.1) and 0.059 ◦C year−1 (p < 0.1), respectively (Figure 2). Data show that overall
slope of annual mean temperature diminished from the southwest to the northeast, while in different
basins and counties, the Lancang River basin, including Nangqian, Yushu, Zaduo and Zhiduo counties,
experienced the largest annual temperature increase within the TRHR, followed by the Yangtze and
Yellow river basins. The spatial distribution of wetting trends is characterized by a decrease from
east-to-west, while the linear trend line slope of annual precipitation is 12.38 mm year−1 in the Yellow
River basin, including Zeku, Henan and Chengduo counties, 10.23 mm year−1 in the Yangtze River
basin and 8.72 mm year−1 in the Lancang River basin.
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Figure 2. Changes in annual precipitation (a) and annual mean temperature (b) between 2000 and 2012
(90% confidence levels).

2.3. TRHR LULC between 2000 and 2012

Distributional data show that grasslands are intermittently distributed across the various counties
of the TRHR, encompassing more than 65% of LULC types in the region (Figure 3a). The second
most common LULC is unused land, encompassing more than 23% of total area and distributed in
high-altitude zones in the middle and west of the region. Forested land is mainly distributed in the
east and south of the TRHR, delineated by lakes and rivers, while construction and cultivated land
occupy no more than 0.3% of total area and are distributed in various eastern counties.
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Data show that areas of grassland and unused land within the TRHR shrank by 7664 km2

and 146 km2, respectively, between 2000 and 2012, while areas of water, cultivated, forested and
construction land increased (Figure 3b). Specifically, the area of rivers and lakes increased by 5394 km2

compared with 2000 with the largest increase reaching 32.44%, while the areas of cultivated land and
forested land increased by 7.48% and 16.80%, respectively. Over the same time period, the area of
construction land shrank slightly, by around 0.18% compared with 2000.

Our results show that the total conversion area within the TRHR was 13.72 × 104 km2 between
2000 and 2012, encompassing 38.85% of land area. Specifically, grassland, unused land and water
were converted in the highest amounts (Figure 4), while the scale between 2000 and 2012 implies that
2.98% of total land area was converted. Based on outputs from geographic information systems (GIS)
mapping and spatial analyses, it is clear that of the land converted out of grassland, a considerable
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proportion converted to unused land occurs in high-altitude areas in the west and south of the TRHR.
Data also show that over the same period, about 5.90 × 104 km2 of land were converted from other
LULC types into grassland. Amongst different LULC types, 75.17% of newly-converted grassland was
derived from unused land, especially in high-altitude districts and counties in northern areas. At the
same time, 15.40% of newly-converted grassland was derived from forested land, mainly in districts
and counties in the east of the TRHR. Unused land was mostly converted to grassland and water in
87.01% and 11.74% of converted areas, respectively; grassland newly-converted from unused land
mostly occurred in the middle and northern regions of the TRHR, while newly-converted water from
unused land is prevalent in high-altitude northwestern areas. The conversion of cultivated, forested
and construction land is less common across the region, found mainly in various eastern counties of
the TRHR.
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3. Materials and Methods

In order to quantify the relationships between different ecosystem services within the TRHR,
we initially utilized the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model to
assess provisions. This model comprises a suite of GIS functions to evaluate the provision of ecosystem
services. Specifically, the InVEST model is based on a series of production functions that defines how
changes in the structure and function of an ecosystem are likely to affect the flow of ecosystem services
across a landscape. We initially described the InVEST modules to be included in this analysis as
water yield, soil conservation and nutrient export, before describing the data used to assess ecosystem
services. Secondly, we developed a DMC method to analyze the relationships between different
ecosystem services.

3.1. Ecosystem Service Assessment

3.1.1. Water Yield Module

In the context of the InVEST model, water yield is a basic rainfall-runoff module that incorporates
local environmental conditions and LULC data as inputs and calculates net water balance at the
watershed scale [45]. This module does not differentiate between surface, subsurface and baseflow,
but assumes that all water yield from a given pixel reaches the point of interest via one of these
alternative pathways. Thus, the model calculates the amount of water yield as the difference between
precipitation and actual evapotranspiration (Equation (1)), as follows:

Yxj =

(
1 −

AETxj

Px

)
× Px (1)
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In this expression, Yxj denotes the water yield (mm) for LULC type j in a given grid cell, x, while
Px refers to annual precipitation (mm) of this cell and AETxj is the actual annual evapotranspiration of
LULC type j in the cell.

We adopted the output of this module, i.e., water yield (Yxj), to assess the water provision
service. The inputs of this module include precipitation, potential evapotranspiration, the depth to
root-restricting layer, plant available water fraction, LULC, watershed and biophysical table (the details
are shown in Appendix A.1).

3.1.2. Sediment Delivery Ratio Module

The sediment delivery ratio (SDR) module is designed to map the overland sediment generation
and its delivery to the stream [45]. This module calculates soil loss from a land unit using the
universal soil loss equation (USLE) [46], with input data including topography, climate, vegetation
and management practices. The InVEST model then applies an iterative analysis to estimate, for all
pixels, the volume of soil eroded and trapped by downstream vegetation and erosion control practices
given their capture and retention ability.

We therefore calculated the soil conservation services of vegetation and erosion control practices
between 2000 and 2012; the first of these (soil conservation) was calculated as soil loss in the absence
of vegetation cover including soil erosion control minus the soil loss for current LULC incorporating
erosion control. The USLE model is the most widely-applied approach for soil erosion modeling and
assessment and was applied to quantify and map annual soil loss in the two situations discussed in
this paper. Soil conservation calculated using the USLE model is expressed as follows:

∆A = A0 − Av = R × K × L × S × (1 − C × P) (2)

In this expression, ∆A denotes the amount of soil conservation (t ha−1 year−1), while A0 is
potential soil erosion without vegetation cover (t ha−1 year−1) and Av is soil erosion given current
land cover and management conditions (t ha−1 year−1). Thus, R, K, L and S denote rainfall erosivity
(MJ mm ha−1 h−1 year−1), soil erodibility (t ha h ha−1 MJ−1 mm−1), slope length and slope angle
factors, respectively, while C and P are the cover-management and support practice factors, respectively.
Finally, L, S, C and P are all dimensionless factors (calculation details are given in Appendix A.2).

3.1.3. Nutrient Delivery Ratio Module

The nutrient delivery ratio (NDR) module is used for assessing the service of nutrient retention by
natural vegetation [45]. An important proxy for pollution, the proportion of nutrients retained on each
pixel is considered an important water quality indicator. This model generates a series of quantitative
values for sediment exported from each pixel using two delivery ratios (one for nutrients transported
by surface flow and the other for subsurface flow), as well as the product of this load, as follows:

xexporti = loadsur f ,i × NDRsur f ,i + loadsubs,i × NDRsubs,i (3)

In this expression, xexporti denotes the quantitative value of nutrients exported from each pixel
i, while loadsurf,i and loadsubs,i refer to the amounts of runoff nutrients transported by surface flow
and groundwater, respectively. Thus, the nutrient load on each pixel is a function of upslope area
and the downslope flow path (see the InVEST documentation for further information [45]). Similarly,
NDRsurf,i and NDRsubs,i are the two delivery ratios; conceptually, the former represents the ability of a
downstream pixel to transport nutrients through the surface flow without retention and incorporates a
topographic index, while the latter denotes simple exponential decay with distance within the stream
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using a defined maximum value for subsurface nutrient retention. Thus, the nutrient total at the outlet
of each watershed will be the sum of the contributions from all pixels within that watershed, as follows:

xexporttot = ∑
i

xexporti (4)

We adopted the output of this module (xexporti ) to assess the water purification. Input data in
this case include a digital elevation model (DEM), LULC, proxies for nutrient runoff, the watershed,
the biophysical table, subsurface retention efficiency and critical distance, as well as the accumulative
value of threshold flow (details are given in Appendix A.3).

3.1.4. Data

We utilized LULC data for the TRHR obtained in 2000 as part of a remote sensing (RS) project
to monitor the status of Chinese land use at a 1:100,000 scale. This project was initiated by the
Chinese Academy of Science and resulted in a primary dataset of Landsat TM/ETM RS images
alongside data that was subsequently generated using the human-computer interactive interpretation
method. Thus, for consistency, we also employed 2012 land use data that were generated using this
method of interpretation from HJ-1 (Huan Jing-1: Environmental Protection & Disaster Monitoring
Constellation) images (i.e., a mini-satellite constellation that is used for environmental and disaster
monitoring) that cover the entire TRHR. These LULC type data were classified into 25 categories,
which were themselves subsequently grouped into six classes, encompassing cultivated land, forested
land, grassland, rivers/lakes, construction land and unused land. The average interpretation accuracy
of this LULC type classification was 97.5% for 2000 and 85.2% for 2012.

We obtained NPP data for the TRHR for 2000 and 2012 from [38]; these data were generated using
the global production efficiency model, incorporating localized parameters extracted from large plot
data obtained by cyclic sampling [47].

We obtained climate data for the period between 2000 and 2012 (including daily mean temperature
and precipitation) from the China Meteorological Administration. These data were then used to
calculate annual precipitation for the water yield model, rainfall erosivity for the soil conservation
model and for analysis of climate variability. Climate data from different meteorological station records
were interpolated onto raster-formatted surfaces using thin plate smoothing spline methods in the
software ANUSPLIN 42 [48], while raster-formatted soil data, including the proportion of sand, silt,
clay and the soil depth reference, all used to measure plant available water content (PAWC) in the
water yield model and K in the soil conservation model, were extracted from the Harmonized World
Soil Database [49]. A 30-m resolution DEM was then used to calculate slope length and slope angle to
input into our soil conservation model.

3.2. DMC

The DMC method is often applied to verify the consistency of hydro-meteorological data.
This approach compares data from a single station with a pattern generated using data from several
other stations across a given area. We utilize the DMC method in this study in order to elucidate the
relationships between different ecosystem services. However, as the elements we incorporated into
our comparative analysis require high degrees of correlation, we performed an appropriate test for
each pair of ecosystem services before constructing a graph.

In the case of two highly correlated variables, E1 and E2, which represent one pair of ecosystem
services, the main procedure used to generate a DMC includes the initial calculation of ratios for each
pair of functions based on raster map layers (E1/E2). This ensures that E2 decreases as values on the
x-axis increase. Ratio grid cells on each map layer are then arranged based on their ascending values,
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and a scatter plot is generated by accumulating these values, which leads to a DMC for each pair of
ecosystem services as in Equation (5), as follows:

Yi =
i

∑
1

yi and Xi =
i

∑
1

xi (i = 1, · · · , k) (5)

In this expression, k denotes each ecosystem service observation, while the series y1, . . . , yk,
denotes observations for E1, and the series x1, . . . , xk includes observations for E2.

A graph drawn using this method can assume one of three different shapes, including a straight
line (OA), a convex (AO3B) or concave curve (OO6A) (Figure 5). In order to conveniently illustrate
these differences, we selected seven points (O1, O2, . . . , O7) on the curves; thus, points O1 and O2 are
a straight line, while O3 to O7 are on the curves (Figure 5). Thus, for any point on the curve (i.e., O1,i,
O2,i), the coordinate difference to its preceding counterpart (i.e., O1,i−1, O2,i−1) is its ecosystem service
value (E1,i, E2,i), as expressed by Equation (6), as follows:

(E1,i, E2,i) = (yi−1 − yi, xi−1 − xi) (6)
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In the straight line case (OA), E2,i increases in concert with E1,i, while the ratio of changes in E1

versus a related E2 will be fixed. This relationship is expressed by Equation (7), as follows:

∆E1,i

∆E2,i
=

∆E1,1

∆E2,1
= C (7)

In this expression, ∆E denotes the change in E while C is constant.
Compared to a straight line, however, the slope of a curve (such as AO3B) is not fixed. This is

expressed by Equation (8), as follows:
∆E1,i
∆E2,i

<
∆E1,i+1
∆E2,i+1

if the point i is on convex curve
∆E1,i
∆E2,i

>
∆E1,i+1
∆E2,i+1

if the point i is on concave curve
(8)

Thus, if the point O lies on the convex curve (Figure 5b), then the slope of this curve will decrease
with increasing x-axis values. This indicates that point E1 on the convex curve will decrease (OM4)
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more than if it falls on a straight line (OM2); similarly, if point O lies on the concave curve, then the
slope in this case will also increase with increasing x-axis values. This indicates that point E1 on the
concave curve has increased (M2M3) relative to its position on a straight line (OM2).

Applying the definitions of synergies and trade-offs in ecosystem services, both a straight-line and
a convex curve imply the simultaneous enhancement of two services that can be defined as synergistic.
In contrast, a concave curve indicates that when the slope of a DMC changes, the provision of one
ecosystem service is increased as a consequence of a reduction in another; this can be defined as a
trade-off. The length of a DMC, as measured by graph axes, therefore represents the total ecosystem
service amount for each component, while curvature indicates the relative closeness of a trade-off or a
synergistic relationship. In other words, the greater the curvature, the closer the trade-off or synergistic
relationship between two ecosystem services.

In order to contrast trade-offs in ecosystem services between different LULC types and altitudes,
we randomly selected 500 sample plots (k = 500) encompassing cultivated land, forested land and
grassland from a range of altitudes (i.e., less than 3500 m, between 3500 and 4500 m, between 4500 and
5500 m and greater than 5500 m) for further analysis.

4. Results

4.1. The Temporal and Spatial Distribution of Ecosystem Services within the TRHR

4.1.1. NPP

Data show that in 2000, the average NPP of ecosystems in the TRHR was 262.35 gC/m2/year,
encompassing an overall total of 60.61 × 106 tC. Breaking this down between LULC types, the NPP
of forested land was largest, averaging 375 gC/m2/year, followed by cultivated land and grassland
with averages of 252.73 gC/m2/year and 204.56 gC/m2/year, respectively. In contrast, the NPP of the
TRHR in 2012 was 406.84 gC/m2/year, a 64.44% increase compared with 2000. Data show that the
NPP of every LULC type increased over this time period; cultivated land increased the most, however,
up to 118.12%, immediately followed by forested land, up to 75.83%, while NPP values for grassland
changed the least, just 49.07%.

Because it is influenced by topography, rainfall, hours of daylight and vegetation type, the NPP
of the TRHR exhibits strong spatial heterogeneity, decreasing gradually along a southeast-northwest
transect (Figure 6a). The NPP of the Lancang River basin averages 332.76 gC/m2/year because
temperature conditions are favorable and the rate of precipitation is relatively high; this region
is followed by the Yellow and Yangtze river basins where the values are 232.46 gC/m2/year and
150.80 gC/m2/year, respectively. Data show that between 2000 and 2012, the NPP of the eastern Yellow
River basin changed the most, 70.12%, while values for the Lancang River basin changed the least,
just 30.28% (Figure 6b).
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4.1.2. Water Yield

Our data show that the average water yield of the TRHR in 2000 was 147.41 mm, equivalent to a
total amount of 5.05 × 1010 m3. However, compared to the “Qinghai Water Resources Bulletin” that was
published in 2000 [50], our model calculation result is 0.20 × 1010 m3 higher than the total amount of
surface water produced in the TRHR, a calculation error of 4.12%. In terms of LULC types, the average
water yield from forested land was highest (average: 216.86 mm), followed by construction land
and grassland (averages of 186.25 and 180.05 mm, respectively). Results show that by 2012, average
water yield in the TRHR was 196.55 mm, corresponding to a total of 7.01 × 1010 m3 with a model
calculation error of 1.74% [51]. Thus, compared with the water yield in 2000, data suggest an increase
of 38.81%. The largest changes in water yields were seen in unused land, increasing from 43.65–103.63
mm (up 137.41%), followed by construction land and forested land that saw increases of 50.13% and
45.19%, respectively.

In terms of geographical distribution, average water yields in Banma Country were highest
(Figure 7a), up to 368.51 mm, followed by the yields for Nangqian, Jiuzhi and Dari counties, which
were up to 343.52, 313.86 and 313.86 mm, respectively. In contrast, high-altitude areas such as Zhiduo
County and the Tanggulashan region experienced the lowest average water yields, up to just 14.06 and
71.27 mm, respectively. Across the whole TRHR, the average water yield of the Lancang River basin
was highest (average: 314.51 mm), followed by the Yellow and Yangtze river basins that averaged
146.43 and 135.81 mm, respectively. Results show that between 2000 and 2012, the water yield increase
in the east of the Yellow River basin was most significant throughout the whole area (Figure 7b),
involving Zeku, Henan and Tongde counties and average increases greater than 145 mm. At the same
time, however, average water yields of high-altitude areas obviously decreased, for example those of
Tanggulashan, Zhiduo and southern Zaduo counties.
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4.1.3. Soil Conservation

Data show that in 2000, average soil conservation within the TRHR was 3592 t km−2 (Figure 8).
This equates to a total of 1.22 × 109 t year−1, close to the result previously published by Wen [52] (i.e.,
total soil conservation amount: 1.06 × 109 t year−1; average: 3662 t km−2). Amongst the areas involved,
the Lancang River basin, including Nangqian, Yushu and Zaduo counties, and the southern Yangtze
River basin, including Banma and Jiuzhi counties, experienced less slope erosion compared to other
areas because they include dense and extensive forest and shrub coverage and thus a high proportion
of conserved soil. In contrast, in 2012, the total amount of conserved soil across the whole region
was 1.31 × 109 t, an increase of 7.37%. Amongst the areas involved, Qumalai county experienced the
greatest amplitude increases (average: 187.37%), while the Tanggulashan area and Dari, Banma, Zaduo
and Jiuzhi counties saw their conserved soil proportions decrease (average: −21.81%).
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4.1.4. P Export

Data show that in 2000, the average P export of the TRHR was 23.10 t km−2, equivalent to a total
amount of 2.31 × 107 t year−1. Across all LULC types, average P export from cultivated land was
largest (average: 74.50 t km−2) followed by grassland and construction land, averaging 31.95 t km−2

and 26.99 t km−2, respectively. In contrast, P export from the forested land and unused land was
relatively low, averaging 0.24 t km−2 and 0.28 t km−2, respectively. In 2012, the average P export of the
TRHR was 13.50 t km−2, a decrease of 49.98% compared with 2000; within this, P export from cultivated
land and grassland decreased by 4.93% and 40.48%, respectively, while that of the construction land,
forested land and unused land increased by 1.88%, 12.50% and 142.86%, respectively.

Overall, our data show that P export from the TRHR decreases along a gradient from the southeast
to the northwest (Figure 9a); within this, the average P export of the Lancang River basin was highest,
up to 128.49 t km−2 and mainly including Yushu and Zaduo counties, followed by the Yangtze and
Yellow river basins, up to 60.91 and 70.27 t km−2, respectively. Between 2000 and 2012, the average P
export of every basin decreased (Figure 9b); within these data, the Lancang River basin exhibited the
greatest decrease, 19.72%, while that of the Yellow River basin decreased the least, just 9.76%.
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4.2. Synergies between Ecosystem Services

4.2.1. Correlations

We performed a correlation analysis of four ecosystem services within the TRHR, NPP, water
yield, soil conservation and P export. Results reveal a positive relationship amongst these ecosystem
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services (Table 1); the correlation between water yield and NPP was highest, up to 0.761 for 2012 and
0.699 for 2000, followed by correlations between the amount of soil conservation and water yield.
Lowest values are seen between the amount of P export and soil conservation. Data show that between
2000 and 2012, the coefficient of correlation between water yield and NPP increased, while those for
other ecosystem services decreased.

Table 1. Correlation matrix between various ecosystem services of the TRHR.

Year Ecosystem Service NPP Water Yield Soil Conservation P Export

2000

NPP 1
Water yield 0.699 *** 1

Soil conservation 0.383 *** 0.407 *** 1
P export 0.309 *** 0.500 *** 0.224 *** 1

2012

NPP 1
Water yield 0.761 *** 1

Soil conservation 0.338 *** 0.294 *** 1
P export 0.095 *** 0.178 *** 0.066 *** 1

Note: *** Correlation is significant at the 0.01 level (two-tailed).

4.2.2. Synergies

Assuming the accuracy of our DMC analysis, we selected four pairs of ecosystem services that
exhibit average correlation coefficients greater than 0.3, and eliminated those between P export, NPP
and soil conservation amount. In addition, to further analyze differences in synergy effects, we also
established DMCs for different LULCs (i.e., cultivated land, forested land and grassland) and ranges
of altitude (i.e., less than 3500 m, between 3500 and 4500 m, between 4500 and 5500 m and greater than
5500 m).

Results show that DMCs of NPP versus water yield for the TRHR conform to a linear relationship,
indicating the presence of a fixed synergistic effect between the two services (Figure 8). Compared
with data for 2000, the DMC of NPP and water yield for 2012 is extended, indicating an increased
amount of accumulated NPP and water yield. This paired increasing trend in water yield and NPP
for each LULC in 2012 shows that forested land and grassland are almost equivalent to one another
and that both have larger values than cultivated land (Figure 10a). In addition, the DMC slope of
these data increases in concert with altitude (Figure 10b), indicating that an improvement in NPP in
high-altitude areas is favorable for enhancing water yields. Between 2000 and 2012, the total water
yield amount and NPP both increased with altitude up to 5500 m, while a negative correlation was also
present as amplitude and altitude increased. The slope rates of lines for all LULC types and ranges
of altitude also decreased slightly compared with 2000, indicating a decreasing trend in water yield
changes caused by unit changes in NPP.

The DMC graphs generated in this study to illustrate the amount of soil conservation versus NPP
are characterized by some convex curve shapes, indicating the presence of a significant synergistic
effect between this pair of services. Amongst different LULC types, the services provided by forested
land were the highest (Figure 11a), followed successively by grassland and cultivated land. Thus,
from the perspective of synergistic effects, as NPP decreased, the concomitant trend in reduction of
the amount of soil conservation for each LULC was (from highest to lowest) forested land, grassland
and cultivated land. Similarly, synergy between NPP and the amount of soil conservation is also
positively correlated with altitude (Figure 11b). Results show that between 2000 and 2012, synergy
between NPP and soil conservation for cultivated land decreased, while that for forested land and
grassland remained broadly consistent. The change in synergies between NPP and soil conservation
was, however, inconsistent for different altitude ranges; below 4500 m, synergy between the two
services increased, but decreased at ranges above 4500 m.
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and different altitude ranges (b) in the TRHR.

The DMC graphs generated in this study to illustrate the amount of soil conservation versus
water yield for different LULCs corroborate the fact that the highest volume of services is provided
by forested land, followed by grassland and cultivated land. In terms of synergistic effects, water
yield amounts decrease in concert with soil conservation amounts with cultivated land greater than
grassland, which is greater than forested land (Figure 12a). Across the different altitude ranges
considered in this study, results reveal no positive correlation with either soil conservation or water
yield (Figure 12b). However, when the amount of soil conservation is relatively large, its synergistic
association with water yield remains consistent across all of the altitudes considered in this study.
Results also show that when the soil conservation amount is reduced to a lower level, diverse synergies
between the two services are seen at different altitudes. Between 2000 and 2012, an increasing trend
between LULC types and latitudes is seen in the synergy between soil conservation and water yields;
indeed, the trend towards an increase in the accumulated amount of water yield is greater than that for
soil conservation. At altitudes below 4500 m, the accumulated provision of services tends to increase,
while a concomitant reduction is seen above 4500 m.
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Figure 12. DMC graphs of water yield versus soil conservation for the different types of land use (a)
and different altitude ranges (b) in the TRHR.

As the amount of P exported is very small when the water yields falls below a certain level,
the DMCs expressing this relationship exhibit some convex curves of relatively low curvature and lines
parallel to the x-axis. These shapes indicate significant synergy between this pair of services. Indeed,
amongst the different LULC considered in this study, change in P export caused by a unit change
in water yield on cultivated land was the highest (Figure 13a), followed by grassland and forested
land. However, as the amount of P exported from forested land is very small, the DMC in this case
plotted on the x-axis, while in terms of synergistic effects, compared with other ecosystem services
pairs, the relationship between the amount of P export and water yield remains relatively fixed across
the range of the latter. Results show that DMC slopes are positively correlated with altitude, however,
which indicates that changes in the amount of P export caused by a unit change in water yield reduces
along the gradient from high-to-low altitude (Figure 13b). Between 2000 and 2012, the synergy between
the amount of exported P and water yield for all LULC types conformed to a decreasing trend.
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5. Discussion

5.1. Key Factors Driving Changes in Ecosystem Services

It is well known that changes in ecosystem services are driven by both direct and indirect
factors [53,54]. Although climate change is clearly the single most important direct factor, land
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conversions due to human exploitation and climate variability also influence both water use and
plant growth [55,56]. Because the results of this study show that both land conversion and climatic
factors significantly changed between 2000 and 2012 within the TRHR, we have evaluated changes in
ecosystem services from both of these perspectives.

5.1.1. Climate Change

Changes in climate have consequences on the biophysical environment and include variation
in potential evaporation, water supply and plant growth, as well as sediment and nutrient export.
Data show that between 2000 and 2012, both precipitation and temperature increased annually by
averages of 11.32 mm year−1 (p < 0.1) and 0.059 ◦C year−1 (p < 0.1), respectively, causing warming and
wetting trends. The correlation analysis between annual changes in climate and ecosystem services
presented in this paper shows that precipitation is an important climate variable, positively correlated
with both NPP (R = 0.655, p < 0.01) and water yield (R = 0.478, p < 0.01). At the same time, temperature
is negatively correlated with NPP (R = −0.186, p < 0.01). Our data show that increases in rainfall
erosivity have significantly enhanced the amount of soil lost within the TRHR (R = 0.854, p < 0.01),
an outcome with clear conservation implications. It is clear that vegetation coverage is a key factor
in soil conservation [57,58]; our results show that increases in vegetation cover (measured by NPP)
are positively correlated with controlling soil erosion (R = 0.217, p < 0.01). Similarly, the amount of
exported P is a function of precipitation and hydrological conditions and is also positively correlated
with rainfall erosivity (R = 0.161, p < 0.01); at the same time, the amount of exported P is rarely
correlated with precipitation.

5.1.2. Land Conversion

Our results show that the highest number of ecosystem services, such as NPP, water yield and
soil conservation, is provided by forested land, followed by grassland and cultivated land. In contrast,
as agricultural land contains abundant nutrients, including P, which binds to sediments and occurs in
freshwater, the volume of this element exported from this LULC is the highest within our dataset.

As the supply of ecosystem services varies with LULC types, both land conversion and
management can influence this feedback in terms of both space and quantity [59]. Although the
total areas of grassland and unused land (the two largest components of our dataset) have not varied a
great deal between 2000 and 2012 (Figure 3b), conversion between them has been the most widespread
within the TRHR, especially in high-altitude areas in the west and north (Figure 4). In Qumalai
County, for example, the proportion of land converted from unused to grassland was the highest
between 2000 and 2012, encompassing 47.78% of the total converted area. At the same time, however,
total soil conservation also increased 187.37% over our study period; the amount of soil conservation
per square kilometer on unconverted grasslands and on unused land increased by 10.08% and 8.86%,
respectively, likely the result of changes in climate, while the proportion of land converted from unused
to grassland increased 25.71%, a much higher proportion than for unconverted grassland. We can
therefore conclude that land conversion is also a key factor underlying changes in ecosystem services.

5.2. Relationships between TRHR Ecosystem Services

The relationships between ecosystem services are often presented in different ways, including
win-win, win-lose or win neutral scenarios. It is clear that the links between ecosystem services are
complex and tight, and a range of studies has explicitly analyzed possible synergies and trade-offs.
A number of previous studies has demonstrated the presence of a trade-off between water yield,
NPP and soil conservation [20,60–62]; increases in NPP will decrease water yields and increase levels
of soil conservation. The results presented here partially support these earlier conclusions, as we
also identified synergies among the three ecosystem services, NPP, water yield and soil conservation.
However, our results diverge from previous findings because we found synergy between water
yields and NPP or soil conservation. This outcome was possible in this case because both climatic
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conditions and vegetation cover are relatively high within the TRHR. Taking into account the unique
ecological environment, complicated landscape and topography of this region, it is clear that plant
growth is strongly driven by precipitation and well-correlated with hydrological processes. Our results
therefore demonstrate that both water yield and the amount of exported P exhibit synergies with one
another depending on different LULC types and altitude ranges, especially in the case of low altitude
agricultural land. Thus, since the amount of exported P is a proxy for water quality, this result also
implies a trade-off between water yield and quality.

Numerous studies have also demonstrated highly non-linear relationships between different
ecosystem services [63–65]. This is also the case in our results; we identify several non-linear synergies
between our four pairs of ecosystem services, with the exception of water yield versus NPP. Thus,
given the presence of both non-linear and synergistic relationships between ecosystem services,
we demonstrate that increasing regional water yield enhances NPP and indirectly increases soil
conservation; these relationships vary not only with altitude, but also depending on the amount of
provision [19].

5.3. Uncertainties in Our Model-Based Assessment

We utilized the InVEST model in this study, incorporating water yield, sediment delivery ratio and
nutrient delivery ratio modules, in order to assess the ecosystem services of the TRHR. However, as the
resources that are required to perform model calibration and testing are scare, the results presented in
this study cannot be easily calibrated against measurement data. We therefore calibrated our results by
comparing them with datasets published in the literature. As a result, the most significant limitation
of this study is that our model parameters are both uncertain and variable; biophysical tables were
used, for example, as inputs for the nutrient delivery and sediment delivery ratio modules, while the
overall InVEST model also has its own limitations [45]. Subsurface water, an important component
of TRHR water resources, was not calculated by the water yield module as part of this analysis [19],
while potential soil loss, included in the SDR module, included only water erosion as part of this
calculation. This is a key shortcoming of this study as two other important kinds of soil erosion are
also common in the TRHR, freeze-thaw and wind erosion [21].

5.4. Proposed Measures for the Sustainable Management of the TRHR

Assessing ecosystem services and evaluating their synergies are both critical and unavoidable
parts of the natural resources decision-making process. The results of this study show that between 2000
and 2012, ecosystems within the TRHR were locally improved; the water yield of river basins increased
by 30.85%; soil conservation ability increased by 33.33%, and NPP was enhanced by 64.44%. These
results are indicative of significant ecological restoration achievements because of policy interference.
A top-down governance structure is currently employed in the TRHR, and synergy between NPP,
water yield, soil conservation and nutrient export has been shown to exist. The level of synergies,
however, differs within this region depending on LULC types and natural conditions. Although
climate change is the critical factor driving plant growth variations, land conversion and interactions
between water and soils also alter the ecosystem service contribution of different LULC types. It will
therefore be necessary to develop functional subdivisions of the TRHR in order to create mechanisms
in support of protective actions, while ecosystem development is a necessary strategy to enhance
environmental protection in the TRHR. At the moment, eco-management of the TRHR is controlled
and implemented by the government; in the future, however, it will be critical to design and establish
a synergistic conservation strategy for this unique ecosystem that is stakeholder motivated.

6. Conclusions

The results of this study show that between 2000 and 2012, degradation of grasslands was
significant in high-altitude areas in the west of the TRHR (including the village of Tanggulashan,
Zaduo and Zhiduo counties). At the same time, however, grassland increase in the middle and north of
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this region, encompassing Qumalai and Maduo counties, was less, while areas of transferred cultivated,
forested and construction land were small and mainly located in eastern counties. It is also clear that
the overall rate of LULC change in the TRHR was less than in other regions of the country.

As a result of the combined effects of climate change, human activities and ecological restoration
projects, NPP, water yield and the amount of conserved soil within the TRHR increased between 2000
and 2012 by 64.44%, 38.81% and 7.37%, respectively, while the amount of exported P decreased by
49.98%. These results indicate an improvement in the ecosystem services of this region. Results also
show that various ecosystem services decreased spatially along a gradient from southeast-to-northwest.
The improvement amplitude of various ecosystem services in the Yellow River basin in the east was
high, while less improvement was seen in the Yangtze and Lancang river basins. Local, obvious
degradation was even seen in some places. Data show that, on average, the highest number
of ecosystem services is provided by forested land, followed by grasslands and cultivated land.
Throughout the TRHR, synergistic relationships are seen between NPP, water yield and the amount of
soil conservation, indicating that increases in the former simultaneously increase the levels of the latter
two services. Finally, the presence of a synergistic relationship between water yield and the amount of
exported P indicates that increasing the former reduces the level of water purification.
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Appendix A. Input Data of InVEST Models

Appendix A.1. Water Yield Module

According to the basic requirement of data input for this module, we calculated a number of key
parameters. AETxj is a function of reference evapotranspiration, the depth of the root-restricting layer,
plant available water content and LULC. It therefore follows that AETx

Px
, the approximate value of the

Budyko curve, can be calculated as follows:

AETxj

Px
=

1 + ωxRxj

1 + ωxRxj +
1

Rxj

(A1)

In this expression, Rxj refers to Budyko’s aridity index of LULC type j in a given grid cell, x, and is
equivalent to the ratio of potential evapotranspiration to precipitation. In contrast, ωx is dimensionless,
denotes the water available to a plant and is used to estimate annual precipitation. Applying the
definition of Zhang et al. [66], this non-physical parameter can also be used to describe soil attributes
affected by natural climate and is calculated as follows:

ωx = Z
AWCx

Px
(A2)

In this expression, AWCx denotes the water available to a plant (mm) and will depend on both soil
texture and depth, while Z refers to seasonal precipitation distribution and depth. Budyko’s aridity
index is calculated as follows:

Rxj =
kxjET0x

Px
(A3)
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In this expression, ET0 is reference evapotranspiration, while kxj is the coefficient of
evapotranspiration of LULC type j in a given grid cell, x, as determined by vegetation type.

We therefore defined average annual precipitation, ET0, soil depth, plant available water content
(PAWC), LULC, root depth, elevation, biophysical table and the Z parameter as inputs to this water
yield module. Of these, PAWC refers to the water fraction stored in the soil profile that is available for
land use; this was calculated based on physical and chemical soil properties, following the method
presented by Zhou [67], as follows:

PAWC = 54.509 − 0.312 × sand% − 0.003 × (sand%)2 − 0.055 × silt%
−0.006 × (silt%)2 − 0.738 × clay% + 0.007 × (clay%)2

−2.688 × OM% + 0.501 × (OM%)

(A4)

This expression incorporates values for relative sand (sand%), silt (silt%), clay (clay%) and organic
matter content (OM%).

We calculated the annual mean reference ET0 using the Food and Agriculture Organization of the
United Nations (FAO) Penman–Monteith equation (Equation (A5), below) as listed in the user guide
to the InVEST model [68], corrected using:

LE =
∆(Rn − G) + ρCp[es(Ta − ea)]

∆ + γ(ra−rs)
ra

(A5)

In this expression, LE is latent heat flux; D is the slope of the temperature saturated vapor pressure
curve; Rn is net surface radiation; G is soil heat flux; r is air density; Cp is specific heat at constant
pressure; Ta is air temperature; es (Ta − ea) denotes the vapor pressure difference at a reference height;
γ is the psychrometric constant; ra is aerodynamic resistance; and rs is surface impedance.

Appendix A.2. Sediment Delivery Ratio Module

In this module, we also calculated a number of additional key parameters that are independent of the
InVEST model. Of these, the soil erosive factor (K) was calculated by applying an erosion/productivity
impact calculator model that is based on soil texture [69] using Equation (A6), as follows:

K =
{

0.2 + 0.3 exp
[
−0.0256SAN(1−SIL)

100

]}
×
(

SIL
CLA+SIL

)0.3

×
(

1.0 − 0.25C
C+exp(3.72−2.95C)

)
×
(

1.0 − 0.7SNI
SNI+exp(−5.51+22.9SNI)

)
× 0.1317

(A6)

In this expression, SAN, SIL and CLA denote the sand (%), silt (%) and clay fractions (%),
respectively, while C refers to soil organic carbon content (%), and SNI is equal to 1 − SAN/100.
We also used a factor of 0.1317 to convert values from U.S. customary units to SI units.

Because the rainfall erosivity factor, R, equals the kinetic energy of rainfall, E, multiplied by the
maximum rain intensity in a 30-min period I30 (cm h−1), use of this expression would require an
unreasonably high frequency of rainfall events (i.e., one event every 30 min). We therefore customized
the R factor calculation used in this study to a local context using half-month precipitation erosivity [70],
a module that is already embedded in the Chinese soil loss equation [71], as follows:
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Rhj =
1
N

N
∑

i=1

(
α

m
∑

d=1
Pdi

β

)
α = 21.586β−7.1891

β = 0.8363 + 18.144
Pd12

+ 24.455
Py12

Pd12 = 1
N

N
∑

i=1

(
1
m

m
∑

d=1
Pdi

)
Py12 = 1

N

N
∑

i=1

(
m
∑

d=1
Pdi

)
(A7)

In this expression, Rhj denotes half-month rainfall erosivity (MJ mm h m−2 h−1 year−1) while
Pdi denotes effective rainfall for a given day, i, in one half-month period. Thus, Pdi is equal to actual
rainfall if this value is larger than a threshold value of 12 mm, the standard for erosive rainfall in China.
In all other cases, Pdi is equal to zero, while the term m refers to the number of days in the half-month
period. The terms α and β are undetermined parameters, while Pd12 denotes the average daily rainfall
more than 12 mm, and Py10 refers to the annual average rainfall for days when this level is exceeded.

We obtained values for the conservation practices (P) and cover type and management (C) factors
from the USLE (handbook [46] and related studies [72] carried out in the TRHR (Table A1).

Table A1. Biophysical values for factors C and P.

LULC Type C P

Cultivated land 0.300 1.000
Forested land 0.003 1.000

Grassland 0.020 1.000
Rivers/lakes 0.000 1.000

Construction land 0.000 1.000
Unused land 1.000 1.000

Appendix A.3. Nutrient Delivery Ratio Module

Input data in this module include a digital elevation model (DEM), LULC, proxies for nutrient
runoff, the watershed, the biophysical table, subsurface retention efficiency and critical distance, as well
as the accumulative value of threshold flow. Functioning as a quick flow index, the nutrient runoff
proxy represents spatial variability in runoff potential in the form of a raster of normalized annual
precipitation. Similarly, the biophysical table contains an LULC type code, as well as a corresponding
descriptive name, the nutrient loading associated with each LULC type and maximum retention
efficiency, the distance after which it is assumed that a patch of a particular LULC type retains a
nutrient at its maximum capacity and the proportion of dissolved nutrients divided by the total
amount of nutrients. These biophysical table parameters were also extracted from the InVEST user
guide [45]; both the subsurface retention efficiency and critical distance were set to 150, the model
default, while the threshold flow accumulation value, calibrated by comparing the river map with the
stream map output by the model, was set to encompass an area of 600 pixels.
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