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Gross domestic product (GDP) summarizes a vast amount of economic information in a single monetary metric that is widely used
by decision makers around the world. However, GDP fails to capture fully the contributions of nature to economic activity and
human well-being. To address this critical omission, we develop
a measure of gross ecosystem product (GEP) that summarizes the
value of ecosystem services in a single monetary metric. We illustrate the measurement of GEP through an application to the Chinese province of Qinghai, showing that the approach is tractable
using available data. Known as the “water tower of Asia,” Qinghai
is the source of the Mekong, Yangtze, and Yellow Rivers, and indeed, we find that water-related ecosystem services make up nearly
two-thirds of the value of GEP for Qinghai. Importantly most of
these benefits accrue downstream. In Qinghai, GEP was greater
than GDP in 2000 and three-fourths as large as GDP in 2015 as its
market economy grew. Large-scale investment in restoration resulted
in improvements in the flows of ecosystem services measured in GEP
(127.5%) over this period. Going forward, China is using GEP in decision
making in multiple ways, as part of a transformation to inclusive, green
growth. This includes investing in conservation of ecosystem assets
to secure provision of ecosystem services through transregional
compensation payments.
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and restore ecosystem assets in order to maintain and enhance
the flow of important ecosystem services has been acknowledged
at the highest levels of the Chinese government. In a widely cited
speech to the 19th Communist Party of China National Congress,
President Xi Jinping said that “lucid waters and lush mountains
are invaluable assets” (15).
Here we focus on the development of gross ecosystem product
(GEP), a measure that translates ecosystem contributions to the
economy into monetary terms. Much of the power of GDP comes
from its simplicity as a single monetary metric readily understood
by decision makers. Although the economy is incredibly complex,
with hundreds of thousands of goods and services, GDP uses market
prices and surrogates for market prices to combine the accounting
value of goods and services into a measure of aggregate income.
Just like the economy, ecosystems are incredibly complex and
contribute to human well-being in myriad ways. Analogous to
GDP, GEP uses market prices and surrogates for market prices
to calculate the accounting value of ecosystem services and aggregate them into a measure of the contribution of ecosystems to
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To achieve sustainable development, there is a pressing need
to move beyond conventional economic measures like gross
domestic product (GDP). We develop gross ecosystem product
(GEP), a measure that summarizes the value of the contributions of nature to economic activity. We illustrate the calculation of GEP in Qinghai Province, China, to show that the
approach is tractable both across China and globally. Known as
the water tower of Asia, Qinghai is the source of the Mekong,
Yangtze, and Yellow Rivers and nearly two-thirds of GEP derives from water-related values. GEP was greater than GDP in
Qinghai in 2000, and was three-fourths as large as GDP in 2015.
China is using GEP to guide investments in ecosystem conservation
and restoration.
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T

he global economy, as conventionally measured by gross
domestic product (GDP), more than doubled between 1990
and 2015 in constant dollar terms (1). At the same time, however, the world’s stocks of ecosystem assets (such as forests,
grasslands, wetlands, fertile soils, and biodiversity) and the flows
of ecosystem services they provide have come under increasing
pressure. The loss and degradation of ecosystem assets has raised
widespread concern about the resilience and sustainability of
ecosystem services and the consequent threat to the economic
activity and human well-being that they support (2–8). The
contrast between economic growth and environmental degradation
is particularly striking in China. Over the past quarter century
the economy has expanded 10-fold (1). The size of the Chinese
economy is currently second only to the United States and accounts for roughly 15% of world GDP (1). However, this rapid
economic growth has been accompanied by environmental degradation in many regions of China (9–11).
There is by now widespread recognition of the need to move
beyond measures of GDP so that decision makers also pay attention
to important ecological and social determinants and dimensions
of well-being (12–14). China is of global significance, with its combination of rapid economic growth alongside escalating threats to its
ecological wealth, and is driving innovative work to bring ecological information into decision making. The need to protect
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the economy. The power of GEP is enhanced by using similar
methods for its construction as those underpinning GDP.
To become as influential as GDP in decision making, GEP must
be readily calculable from available data. A wealth of biophysical
data exist on which to develop ecological measures. Ouyang et al.
(10) used multiple metrics from China’s National Ecosystem Assessment (16) to summarize the change in ecological conditions
and ecosystem services between 2000 and 2010. One problem with
using only biophysical measures, however, is the involvement of
multiple noncommensurate metrics, which pose a substantial
challenge for incorporation within conventional decision making. For example, how can we compare changes in water quality
measured in milligrams per liter of nitrogen with changes in
greenhouse gas emissions assessed in tons of carbon equivalent?
Furthermore, how can we compare these metrics to the costs of
investment in restoration or the value of alternative investments?
Here, we use data on market prices where available, and develop
methods to estimate surrogate prices where market prices do not
exist for ecosystem services. We then combine the values of different ecosystem services into an aggregate measure of GEP.
We illustrate the development and application of GEP in a
case study of Qinghai Province, China, a region rich in endowments of ecosystem assets. For Qinghai, we first calculated the
value of a suite of important ecosystem services. Limitations of
data—and, more fundamentally, of scientific understanding—
preclude valuing all known ecosystem services (there or anywhere). This case confirms, however, the potential for successful
development and application of a GEP measure using existing
data for a reasonably complete set of important services. Second,
given policy concerns over the relatively low GDP per capita in
Qinghai, we also examine the implications for income redistribution of potential ecosystem asset protection payments between
regions. Devoting resources to protecting ecosystem assets can
thereby serve the dual goals of environmental sustainability and
poverty alleviation.
Our work to develop GEP builds on prior work to develop
integrated environmental–economic accounts, including work
led by the United Nations Statistics Division to develop the
System of Environmental–Economic Accounting (SEEA) (17),
whose definition of accounting value we follow, and the SEEA
Experimental Ecosystem Accounting (EEA) (18). SEEA EEA is
currently under revision (refs. 19–22 discuss recent advances)
with the objective to elevate it to an international statistical
standard on par with the System of National Accounts (23). There
are several global initiatives to build environmental–economic
accounts using the SEEA framework, including the United Nations Statistics Division’s Natural Capital Accounting and Valuation of Ecosystem Services project, and the Wealth Accounting
and Valuation of Ecosystem Services partnership led by the World
Bank. This approach has been applied recently at a country scale
(e.g., refs. 24 and 25). There are also related efforts by the World
Bank to measure the Changing Wealth of Nations (26) and by various
groups to measure inclusive/comprehensive wealth (e.g., refs. 27–34).
Our work applies spatially explicit integrated ecological–economic modeling that predicts the flow of ecosystem services
and then applies economic valuation methods to estimate the
value of ecosystem services (35–38). Much of the work on spatially
explicit ecosystem services modeling advances particular applications, ranging from analysis of specific policy interventions or
scenarios at local (e.g., refs. 39–41) to national levels (e.g., refs. 10,
42, and 43). Following Ouyang et al. (44), a number of papers have
applied spatially explicit integrated ecological–economic modeling
to estimate the value of ecosystem services in China, including
ecosystem services from forests (45–49), wetlands (50–53), croplands, and grasslands (54–58) (see refs. 59 and 60 for reviews).
Our work on GEP contributes to the existing research in two
main ways. First, GEP is a novel aggregate measure of the value
of ecosystem services, which summarizes the contributions that
14594 | www.pnas.org/cgi/doi/10.1073/pnas.1911439117

nature makes to the economy (61–63). Second, we combine recent advances in ecosystem services modeling approaches with
an integrated environmental–economic accounting framework
consistent with the SEEA to demonstrate how to make progress
on empirical measures with existing data.
The government of China is now actively working to develop
and implement GEP. The National Development and Reform
Commission, in coordination with the Ministry of Ecology and
Environment, has launched pilot studies of GEP at provincial,
municipal, and county levels. These pilots are aimed at developing GEP for evaluating government performance in key regions
(officially designated as “key ecological function zones”), and for
assessing the effectiveness of policy to sustain cross-regional flows
of ecosystem services and improve livelihoods through compensatory transfer payments between areas (63) (see SI Appendix,
section S2 GEP Application in China, and Tables S8 and S9 for a
list of ecological compensation programs and projects in China).
Measuring GEP
We constructed GEP using methods that parallel those used to
calculate GDP. A measure of aggregate income, GDP is equal to
the sum of the value added (value of outputs less value of inputs)
of all goods and services produced by economic units in a given
region in an accounting period. Tracking real GDP over time
provides information about the growth or decline in income for
an economy. GEP is a measure of the aggregate monetary value
of ecosystem-related goods and services (hereafter “ecosystem
services”) in a given region in an accounting period. Ecosystem
services can be classified into material services (the contribution
of nature to the provision of food, water supply, and so forth),
regulating services (the contribution of nature to carbon sequestration, flood mitigation, soil retention, sandstorm prevention, and
so forth), and nonmaterial services (the contribution of nature to
ecotourism, nature experience for mental health, and so forth) (5).
In cases where market prices for ecosystem services do not
exist, we used a variety of nonmarket valuation techniques to
generate ecosystem service accounting prices. When an ecosystem service is an input into a marketed good or service (e.g.,
pollination of agricultural crops), we can use the value of the
marketed good net of the value of inputs other than ecosystem
services (e.g., labor, machinery, commercial fertilizer, and so
forth). We can also use the value of marginal product: That is,
the increase in the market value of marketed goods generated by
input of the ecosystem service. Examples of the value of marginal
product approach from the literature include the impact of water
flows upon hydropower production (64), pollination services
boosting the production of coffee and other agricultural production (65, 66), and the impact of climate regulation upon agricultural production (67).
Accounting prices for other ecosystem service values can be
proxied using measures of avoided cost or replacement cost, such
as when ecosystems filter nutrients, providing clean water to
downstream users. The value of this service can be calculated using
the (avoided) cost of removing nutrients via water treatment plants.
Such cost-based methods are only valid, however, when certain
conditions are met, including that the replacement method is the
lowest cost alternative and that people would be willing to pay the
cost of replacement to provide the service (68). Other approaches
for estimating the economic value of ecosystem services, using
revealed and stated preference methods, are also useful (69).
By using readily calculable ecosystem service accounting prices, GEP provides a tractable approach to bringing ecosystem
services, including those that are not marketed, into decision
making. The methods used for estimating the quantity and the
accounting value for each ecosystem service are detailed in the
first section of SI Appendix.
It is important to note that some ecosystem services are inputs
into marketed goods and services that are included in GDP. For
Ouyang et al.
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Fig. 1.

GEP, China is tracking change in the stocks of ecosystem assets to
account for the depreciation or appreciation of assets (70).
Case Study: GEP of Qinghai Province
Qinghai Province. Qinghai Province is located in western China
(Fig. 1), on the northeastern part of the Tibetan Plateau, with an
area of 722,000 km2 and a population of 5.8 million. Because of
its high altitude and inland location, Qinghai has cold winters
(with lows of −7 to −18 °C in January), mild summers (highs of
15 to 21 °C in July), and a large diurnal temperature variation. The
pattern of precipitation also varies both spatially and temporally
across the province, decreasing from southeast to northwest and
being very low in winter and spring but substantial in summer.
Qinghai provides a crucial store of natural capital and ecosystem service flows for much of China. Known as the “water
tower” of East and Southeast Asia, Qinghai is the source of three
major rivers: The Yellow River originates in the central part of
the province, while the Yangtze and Mekong Rivers originate in
the southwest. Qinghai provides 47.0 billion m3 of water annually
for other parts of China and Southeast Asian counties (71).
The dominant ecosystem type in Qinghai is grassland, including
meadows and steppe. Grasslands occupy 52.5% of the region, mostly
distributed in the central part of the province (Fig. 1). There is a
single growing season per year from April to October, with peak
growth occurring during July and August.
Qinghai is also a global hot spot for biodiversity. It is the home
of many endangered species, such as Tibetan antelope (Pantholops
hodgsonii), snow leopard (Uncia uncial), wild yak (Bos mutus),
Bactrian camel (Camelus ferus), Asiatic wild ass (Equus hemionus),
Black-necked Crane (Grus nigricollis), and Snowcock (Tetraogallus
tibetanus). Qinghai has 11 nature reserves, covering 21.77 million
ha, about 30% of the total area of the province.
Since 1970, rapid population increases and overgrazing have
caused grassland degradation and desertification, resulting in
loss of biodiversity and ecosystem services (72). Ecosystem
degradation became a key concern for the Chinese government
in early 2000. Qinghai is a high-priority area for conservation and
ecosystem restoration and the Chinese government has implemented
a number of regional eco-compensation programs to restore
overgrazed and degraded grasslands, conserve forests, and wetlands,
and restore watershed ecosystem services. These programs have also

The distribution of ecosystem types across Qinghai Province, and depiction of the headwaters of the Mekong, Yangtze, and Yellow Rivers.

Ouyang et al.

PNAS | June 23, 2020 | vol. 117 | no. 25 | 14595

SUSTAINABILITY
SCIENCE

example, the ecosystem service of pollination enhances the value of
agricultural outputs. Therefore, there is overlap between GEP and
GDP and one cannot simply add the two measures together. GEP
and GDP measure different things. GEP counts the value of inputs
from nature but not the entire value of all final goods and services in
an economy. GDP, on the other hand, includes many final goods
and services not counted in GEP. However, some benefits from
nature are not included in the final goods and services measured in
GDP. Given this distinction, the two measures together provide vital
and complementary information for decision makers.
Both GEP and GDP use accounting measures to estimate the
value of goods and services, rather than a measure of economic
welfare. Accounting measures equivalent to income suffer from
well-known problems, such as an increase in value when supply
declines and demand is inelastic; in contrast, welfare necessarily
declines with a contraction of supply. Accounting measures,
however, are typically far easier to calculate, do not require estimating elasticities, and do not require more extensive (and
sometimes inaccessible) data for calculating welfare measures.
While GEP and GDP are useful measures of current flows of
value, they are not adequate indicators of sustainability as neither considers the capital stocks (natural or man-made) upon
which they rely. Current income can be increased through the
nonsustainable use of ecosystem assets, for example by harvesting a stock above its replacement or renewal rate. Measures of
sustainability should be tied closely to measures of the value of
assets (28, 34). In principle, changes in the value of ecosystem
assets could be used to calculate net ecosystem product by incorporating the change in the value of stocks of ecosystem assets
into GEP. The value of an ecosystem asset should, in principle,
equal the present value of the flow of all ecosystem services generated by the ecosystem asset, which offers a way to estimate its
values. There have been several attempts to measure stocks of
ecosystem assets in monetary terms (27–33). These efforts have
excluded consideration of many types of ecosystem assets, however,
generally including only the value of assets closely tied to market
values (minerals, oil and gas, timber, fish). In practice, estimating
ecosystem asset values is difficult, and China along with most applications of the SEEA EEA framework currently measure ecosystem assets in biophysical rather than monetary terms. Alongside

embodied significant poverty alleviation objectives. During 2010 to
2015, the central government budgeted 45.819 billion Yuan ($7.4
billion) for different eco-compensation programs to improve ecosystems and human well-being in the province (63) (see SI Appendix,
section S3 Eco-Compensation in Qinghai Provence and Table S10 for
a list of eco-compensation programs in Qinghai.).
Methods for Calculating GEP in Qinghai. We assessed the biophysical quantities and monetary value of ecosystem services in
Qinghai using a variety of data and models. The value of GEP is
defined as

GEP = ∑γ i pi qi ,
ieI
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where I is the set of ecosystem services, γ i is the proportion of
accounting value attributable to nature, pi is the accounting price
of ecosystem service i, and qi is the quantity provided of ecosystem
service i. For regulatory ecosystem services, the entire value of the
services is attributable to nature (γ i = 1). For other services, including
many material services, there is a contribution from human
labor and human-made inputs, so that γ i < 1. We had information to allocate the contribution between nature and human
inputs for agriculture and animal husbandry, but we lacked such
information for other provisioning services (forestry, fisheries,
and nursery products), all of which make up a small proportion
of GEP in Qinghai.
We provide detailed descriptions of data sources and methods
in SI Appendix. For material services, we relied primarily on published data on production and prices (SI Appendix, section S1.1,
Material Services). For regulating services, we relied on biophysical
data from government sources and use the InVEST suite of models
(73) to calculate the provision of services (SI Appendix, sections S1.
2–S1.8). We then applied a variety of market and nonmarket
valuation methods to convert provision of services into monetary
estimates of value. For nonmaterial services, in this case ecotourism,
we applied travel cost methods using a survey on visitation and
trip expenditures (SI Appendix, section S1.8 Nonmaterial Services).
We also accounted for the monetary value of the ecosystem services
generated in Qinghai to different beneficiaries (in Qinghai
Province, other provinces in China, and globally).
Results: GEP Accounting in Qinghai. The GEP of Qinghai in 2015
was 185.4 billion Yuan, an increase of 127.5% over GEP for 2000
(Table 1). As befits the “water tower” of Southeast and East Asia,
water supply was the single most important ecosystem service,
contributing over half of the total value of GEP in 2015 (57.6%).
Overall, material services, which include water supply, contributed
64.7% of the total value of GEP. The other main material services
included husbandry products (3.1%) and agricultural products
(3.0%). Regulating services contributed 23.7% of the total. The
most important regulating service was sandstorm prevention
(17.1%). Other important regulatory services were soil retention
(3.8%) and carbon sequestration (2.5%). The value of nonmaterial
services, represented here solely by ecotourism, contributed 11.7%
of GEP in Qinghai.
The change in the value of GEP from 2000 to 2015 can be
attributed to changes in supply, changes in price (value per unit),
and other changes that affect use of ecosystem services. Despite
the fact that the volume of water supply actually fell from 45.25
to 39.56 billion m3 between 2000 and 2015, the value of this
supply actually increased from 47.8 to 106.7 billion Yuan over
the same period. Some of this change in value resulted from
increases in prices (14.4 billion Yuan). However, the majority
of the increase in the value of water supply occurred because of
changes in the use of water, such as the increase in the number of
hydroelectric dams downstream, which increased power generation from 21.3 to 92.0 billion kwh between 2000 and 2015.
14596 | www.pnas.org/cgi/doi/10.1073/pnas.1911439117

For agricultural production, while the total tonnage produced
in Qinghai almost doubled between 2000 and 2015 (1.7 to 3.1
million tons), its value increased by 482% (1 billion Yuan to 5.6
billion Yuan). A small portion of this increase was due to higher
prices for agricultural products (0.4 billion Yuan), while the vast
majority of the increase in value (4.2 billion Yuan) was due to
changes in composition of the production as well as the increase
in tonnage. Production in Qinghai shifted toward medicinal plants,
melons, and vegetables that command a much higher price per ton
than the cereals that made up the majority of output in 2000.
Overall, the increase in GEP between 2000 and 2015 due to
changes in supply and use was 75.5 billion Yuan, while changes in
prices accounted for 28.4 billion Yuan. The precipitation gradient
in Qinghai increases from west to east. Ecosystem services related
to water (e.g., water supply, flood mitigation) generally show
higher values in eastern Qinghai compared to western Qinghai
(Fig. 2). Population density is also higher in eastern Qinghai,
generating higher value for air purification and sandstorm
prevention (Fig. 2).
Many of the ecosystem services produced by Qinghai provide
benefits to people living outside the province (Fig. 2). For example, water supply primarily benefits people living downstream,
sandstorm prevention primarily benefits people living downwind,
and carbon sequestration provides global benefits. We attributed
the value of all other services based on where the majority of
benefits accrue. Accordingly, we attributed the value of domestic
and industrial water use and hydroelectric generation in Qinghai
to local benefits, and the rest of water-supply benefits to downstream users. We attributed the value of material services except
for water supply (agricultural, forestry husbandry, fishery, and
nursery production) because producers in Qinghai either gain
value by selling products in the market or by consuming the
products themselves. We also attributed the value of air purification and ecotourism to local benefits. We attributed the majority of the value of water supply, along with regulating services
except air purification and carbon sequestration (i.e., soil retention, sandstorm prevention, flood control, water purification)
to regional benefits, and carbon sequestration to global benefits.
With this classification, less than one-third of ecosystem services
generated in Qinghai benefit residents of Qinghai, the remainder
being exported out of the province. The large majority of these
benefits accrue regionally to other provinces within China with only a
small percentage accruing globally (2.5% for carbon sequestration).
Discussion
GEP can provide decision makers with clear and compelling
evidence of the monetary value of ecosystem services. The Qinghai
results demonstrate that it is feasible to produce an estimate of GEP
with available data and methods: That is, that there is a tractable
approach to producing estimates of GEP, not just in Qinghai but all
across China, and indeed for all countries in the world.
GEP converts ecosystem services into a common monetary
metric that is easy to interpret. Widely publicizing GEP can
provide visibility and give prominence to the values of nature and
their contributions to human well-being, just as GDP has provided visibility and given prominence to economic performance.
Having measures of GEP can help to overcome the bias in public
and private sector decision making, currently dominated by
considerations of economic growth to the exclusion of important
ecosystem services and the conservation of ecosystem assets.
GEP can contribute to achieving important societal objectives,
such as sustainable development, by bringing the value of ecosystem services and trends in ecosystem assets into public and
private sector decision making and investment planning. Recent
experience in Zhejiang Province shows that providing government leaders with information about ecosystem assets and the
goods and service they provide advances investments and other
progress toward sustainable development (74). A tractable measure
Ouyang et al.

Table 1. GEP accounting in Qinghai (2000 to 2015)

Types of
service
Material
services

Category of
ecosystem
services
Production
of ecosystem
goods

Total production
of ecosystem
services
Water
supply

Regulating
services

Total water
supply
Flood
mitigation
Soil retention
and nonpoint
pollution
prevention

Water
purification
(wetland)

Air
purification

Sandstorm
prevention
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Carbon
sequestration
Total regulating
services
Nonmaterial
services
Grand Total

Ouyang et al.

Ecotourism

Monetary
Percent of
Biophysical
value
total
quantity (billion Yuan) value, %

Accounting
items
Agricultural
crop
production
(×103 t)
Animal
husbandry
production
(×103 t)
Fishery
production
(×103 t)
Forestry
production
(×103 t)
Plant nursery
production
(×109 plants)

Water use in
downstream
agricultural
irrigation
(×109 m3)
Water use in
households
(×109 m3)
Water use in
industry
(×109 m3)
Hydropower
production
(×109 kwh)

Flood
mitigation
(×109 m3)
Retained soil
(×109 t)
Retained N
(×103 t)
Retained P
(×103 t)
COD
purification
(×103 t)
NH-N
purification
(×103 t)
TP
purification
(×103 t)
SO2
purification
(×103 t)
NOx
purification
(×103 t)
Dust
purification
(×103 t)
Sand
retention
(×109 t)
Carbon
sequestration
(×109 t)

6

Tourists (×10
persons)

2000–2015
(2015 constant price)

2015
Biophysical
quantity

2000–2015
(Current price)

Monetary
Percent
Amount
Amount
value
of total
of change
Percent
of change
Percent
(billion Yuan) value (billion Yuan) change, % (Billion Yuan) change, %

Valuation
method

1652.1

1.0

1.2

3091.2

5.6

3.0

4.2

310.6

4.6

482.1

458.7

1.1

1.4

724

5.8

3.1

4.2

266.4

4.7

419.4

1.2

0.01

0.01

10.6

0.3

0.1

0.3

2351.5

0.3

3375.0

19.5

0.2

0.2

10.4

0.7

0.4

0.5

247.1

0.6

392.1

0.3

0.2

0.2

11

0.7

0.4

0.5

190.8

0.6

312.2

2.5

3.0

13.1

7.1

9.7

284.1

10.7

444.5

11.8

14.5

15.0

8.1

−1.5

−9.3

3.2

26.8

5.3

6.5

13.8

7.4

6.4

86.5

8.5

160.4

19.4

23.8

29.2

15.8

2.2

8.1

9.8

50.5

11.3

13.9

48.8

26.3

37.5

331.6

37.5

331.6

47.8

58.7

106.7

57.6

44.5

71.6

58.9

123.3

0.07

0.02

0.03

0.07

0.03

0.02

0.001

2.3

0.01

45.0

0.4

4.8

5.9

0.4

7.0

3.8

0.13

1.9

2.1

44.5

9.8

0.01

0.01

0.02

0.01

0.0003

1.9

0.01

103.9

0.7

0.002

0.002

0.7

0.002

0.001

0.00004

2.0

0.00004

2.0

33.2

0.02

0.03

104.3

0.1

0.1

0.1

214.0

0.1

528.0

3.5

0.003

0.004
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Fig. 2. Spatial distribution showing where ecosystem services are produced within Qinghai (A–L), and the location of beneficiaries in recipient provinces
(M–R). (A–E) Value of material production services reported at the district level. (F) Origin of water supply in biophysical terms in Qinghai modeled at fine
spatial level. Water supply contributes to material production services within Qinghai (A–E), and industrial, domestic, agriculture, and hydropower downstream (M). (G) Flood mitigation services in biophysical terms, with their value captured by downstream beneficiaries (N). (H–L) Value of regulating services
shown by the district in Qinghai where they are produced. Beneficiaries of these services include people in Qinghai, people in other provinces of China, and, in
the case of carbon sequestration, people globally. (O–Q) Value of regulating services to beneficiaries outside Qinghai reported at the provincial level. (R)
Value of ecotourism shown by visitor’s home province. White indicates zero value or volume. Details of methods are in SI Appendix.
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poor in conventional economic measures (per capita GDP). The
provinces that benefit from the ecosystem services generated in
Qinghai tend to be far wealthier in conventional economic terms.
Through eco-compensation mechanisms, such as water funds in
which downstream water users pay for protection of upstream
watersheds (76, 78), it is possible to conserve ecosystem assets,
and in many cases like Qinghai, also help alleviate poverty and
promote sustainable economic development.
Trends in GEP can also highlight the impacts of changing the
quality and quantity of ecosystem assets. In Qinghai, large-scale
investment in restoration resulted in improvements the flows of
ecosystem services measured in GEP (127.5%) between 2000
and 2015. Increasing the value of GEP requires investment in
ecosystem assets, much like producing marketed goods and
services requires investment in manufactured and human capital.
The results from Qinghai show that investment in ecosystem
assets can generate a high rate of return in the form of increased
value of ecosystem services.
Our measure of GEP for Qinghai is lower than several prior
estimates of the value of ecosystem services in Qinghai. The
major reasons why this is so are that some prior studies assigned
much larger values to “climate regulation” that included a large
value for oxygen production in addition to valuing CO2 sequestration (79–82) or used benefit transfer methods based on an
ecosystem classification to assign a value per hectare that aggregated to a large total estimate (83, 84).
Limitations and Next Steps. The measurement of GEP is at an
early stage of development. Integrated ecological–economic accounts like GEP will likely take some years to reach maturity.
This is to be expected; it took several decades between the initial
attempts to develop systematic accounting of economic activity
in the 1930s and 1940s (85) and the adoption of GDP by governments around the world, and the eventual worldwide adoption of
the System of National Accounts (23). However, the development of GEP is aided by the extensive work on SEEA and the
broad international agreement that exists regarding many of the
core principles of integrated ecological–economic accounting.
The effort here represents a start toward systematic accounting of the value of ecosystem services into GEP, but much work
remains. First, with existing data, it can be difficult to separate
nature’s contribution from the contribution of anthropogenic

Ecosystem assets
Ecosystems (forests, wetland, grassland, etc.), plants and wildlife
ecosystem patterns, structures, processes

Physical
environment
Gross Ecosystem Product

Decision Implementation

Ecosystem services
(material, regulating, non-material)

Protection, restoration, compensation,
sustainable management

Decision
environment
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Decision-making contexts at county, city, provincial and national levels
Evaluation of government
policy and performance

Land use and
infrastructure planning

Financial compensation for
ecosystem services suppliers

Fig. 3. Relationships among ecosystem assets, GEP, and decision making. The condition of ecosystem assets determines the output of ecosystem services and
GEP. Then, GEP can be used in evaluation of government policy and performance, in planning, and in the determination of eco-compensation. Policy, finance,
and management decisions, in turn, affect the condition of ecosystem assets.
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of GEP can be widely applied for both planning and evaluation
purposes, including the evaluation of government policy and
performance, and land use and infrastructure planning. GEP can
also provide the basis for determining financial compensation for
the provision of ecosystem services (Fig. 3).
By facilitating commensurate measurement of ecological and
economic performance, GEP also enables evaluation of the performance of government officials and policies that includes ecological as well as economic considerations. The government of
China now requires the integration of ecological benefits into local
governments’ performance evaluation criteria (75). In China, 672
counties covering 49.4% of the country have been identified as
Ecological Functional Conservation Areas, delineated to sustain
ecosystem services for the entire country (10). Within these regions,
GEP provides a crucial complement to GDP for joint evaluation of
the economic and ecological performance of local government.
The results from Qinghai Province show how important it can
be to incorporate the value of nature into decision making. In
Qinghai, GEP was higher than GDP in 2000 (81.5 billion Yuan
for GEP vs. 26 billion Yuan for GDP). Even with rapid economic
development resulting in an 8.2-fold increase in GDP in Qinghai
between 2000 and 2015, GEP was still approximately three-fourths
as large as GDP in 2015 (185.4 billion Yuan for GEP vs. 242 billion
Yuan for GDP). Part of the reason that GEP is large relative to
GDP is that GEP measures the value of nonmarketed ecosystem
services excluded from GDP (carbon sequestration, sandstorm
prevention, soil retention, water purification).
However, the main reason that GEP is large relative to GDP is
that Qinghai “exports” ecosystem services, which show up in
GDP in other provinces of China or in other countries, but for
which Qinghai currently does not receive credit. The share of
exported value of GEP was 70.1% in 2015. The largest source of
value in this regard is water supply, which provided vital inputs
into downstream hydroelectric power generation, agriculture,
industry, and domestic use. By measuring the value and location of the production and use of ecosystem services, GEP
provides a basis for financial compensation across regions.
Such eco-compensation programs can play an important role
in conserving ecosystem assets necessary for the provision of
ecosystem services (76, 77). Eco-compensation can also play
an important role in poverty alleviation. Many regions, such
as Qinghai Province, are rich in ecosystem assets but relatively
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services is the lack of inclusion of nonmaterial ecosystem services
beyond ecotourism. In addition, there are likely to be values of
nature that we currently do not characterize and that will become
clear only with greater understanding of ecosystems and how they
contribute to human well-being.
Fifth, GEP is a measure of flow value and does not consider
changes in the stocks of ecosystem assets. Future flows of ecosystem services depend upon maintaining the stock of ecosystem
assets. A complete environmental–economic accounting system,
as envisioned in SEEA, would include measures of the value of
both ecosystem stocks and flows. In principle, the value of ecosystem assets should be equal to the present value of the ecosystem services that they generate. With improved monitoring
and modeling, it may be possible to value ecosystem assets in this
manner. Valuing assets was beyond the scope of this paper.
Finally, there is a need for agreement on standardized definitions and methods to compute GEP (88). On-going work led by
the United Nations is working toward adoption of an international agreement on a system of environmental-economic accounts
(89). International agreement on the System of National Accounts has facilitated its widespread adoption and use along with
a more systematic approach to improving methods and data.

assets and human labor. In general, the contribution of nature
can be found by subtracting the costs of other inputs (labor cost,
machinery, purchased inputs, and so forth) from accounting
value. In some cases, national accounts used to compute GDP
provide information on intermediate inputs, labor, and capital.
Alternatively, it may be possible to estimate the value of inputs
from nature directly by estimating the value of marginal product
(e.g., pollination, improved soil quality, and so forth). At present,
however, data do not always exist to implement such approaches.
In Qinghai, we had information to do this separation for agricultural crop production and animal husbandry, but lacked data
for other services (forestry, fisheries, nursery products, hydropower, and ecotourism). For example, in calculating the value of
ecotourism in Qinghai, we lacked data on the cost of infrastructure, so that all of the accounting value is attributed to
nature rather than some fraction of that total value. In such
cases, our figures will overestimate the contribution of nature.
Second, even when we can clearly identify the contribution of
nature, limitations in data or models give rise to imprecise estimates of the accounting value of ecosystem services. An important function of GEP, especially in the early stages of
development, is to provide a roadmap of the biophysical monitoring necessary to underpin estimates of quantity, and the
economic monitoring necessary to underpin estimates of price.
Improved monitoring to provide accurate information, taking
account of the scale, resolution, and temporal frequency of data
collection, is important for creating a comprehensive and accurate accounting of GEP. With improvements in remote sensing
and monitoring, data limitations are receding. Yet they are still
substantial, especially for ecosystem services that cannot be remotely sensed and require on-the-ground measurement.
Third, for many ecosystem services, there are large gaps between
where ecological modeling stops (e.g., the amount of nutrients in
water supply) and where the valuation of ecosystem services
begins (e.g., human health impacts). Advances in integrated
ecological–economic modeling—focused on tracking cause and
effect from human actions through changes in ecosystems, the
goods and services provided, and ultimately to impacts on human
well-being—will help to close these gaps (86, 87).
Fourth, although we included a large number of ecosystem
services in the Qinghai example, this still represents an incomplete set of ecosystem services. We did not include several important ecosystem services because we lacked detailed data or
understanding necessary to quantify provision and estimate its
value. For example, forests, grasslands, and wetlands absorb
water during and after precipitation events and store and release
this water slowly, evening out the flow of rivers and the availability
of water. For Qinghai, we lacked detailed soil and hydrological
information to estimate adequately this ecosystem service of water
retention and its value. We also did not include estimates of
ecosystem services related to climate regulation through temperature moderation and impacts on local and regional precipitation
patterns. Perhaps the biggest gap in the current set of ecosystem

ACKNOWLEDGMENTS. We thank Dr. Bo Li for helpful comments. We thank
the Second Tibetan Plateau Scientific Expedition and Report (2019QZKK0300);
National Key Research and Development Program of China (2016YFC503400);
the Asian Development Bank (ADB TA 9040-PRC), the National Science Foundation (#1924111); the Natural Capital Project for support of the Natural
Capital Data and Software Platform; the Turing Institute HSBC-ONS Economic Data Science Award Learning Tools for Land Use Analysis and Decision
Support Utilising Earth Observation, Natural Capital and Economic Data; and
the Fesler-Lampert Endowment for Ecological/Environmental Economics,
University of Minnesota, for support.

1. World Bank, GDP statistics (2019). https://data.worldbank.org/indicator/NY.GDP.MKTP.
KD. Accessed 1 July 2019.
2. Millennium Ecosystem Assessment, Ecosystems and Human Well-Being: Synthesis (Island Press, Washington, DC, 2005).
3. J. Rockström et al., A safe operating space for humanity. Nature 461, 472–475 (2009).
4. Intergovernmental Panel on Climate Change, Global Warming of 1.5°C: An IPCC
Special Report on the Impacts of Global Warming of 1.5°C above Pre-Industrial Levels
and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty (World Meteorological Organization, Geneva,
2018).
5. S. Díaz et al., Assessing nature’s contributions to people. Science 359, 270–272 (2018).
6. IUCN, The IUCN red list of threatened species (2019). https://www.iucnredlist.org.
Accessed 1 July 2019.
7. IPBES, Summary for policymakers of the global assessment report on biodiversity and
ecosystem services of the intergovernmental science-policy platform on biodiversity

and ecosystem services (2019). https://ipbes.net/sites/default/files/2020-02/ipbes_global_
assessment_report_summary_for_policymakers_en.pdf. Accessed 15 April 2020.
S. Polasky et al., Role of economics in analyzing the environment and sustainable
development. Proc. Natl. Acad. Sci. U.S.A. 116, 5233–5238 (2019).
Y. Chen, A. Ebenstein, M. Greenstone, H. Li, Evidence on the impact of sustained
exposure to air pollution on life expectancy from China’s Huai River policy. Proc. Natl.
Acad. Sci. U.S.A. 110, 12936–12941 (2013).
Z. Ouyang et al., Improvements in ecosystem services from investments in natural
capital. Science 352, 1455–1459 (2016).
J. Liu, China’s environment on a metacoupled planet. Annu. Rev. Environ. Resour. 43,
19.1–19.34 (2018).
J. Stiglitz et al., Mis-Measuring Our Lives: Why GDP Doesn’t Add Up (The New Press,
New York, 2010).
R. Costanza et al., Development: Time to leave GDP behind. Nature 505, 283–285 (2014).
United Nations, The Millennium Development Goals Report 2015 (United Nations,
New York, 2015).

14600 | www.pnas.org/cgi/doi/10.1073/pnas.1911439117

Conclusions
The large-scale loss of natural capital and the consequent reduction in the flow of ecosystem services around the world points
to the urgent need for better metrics of ecological performance,
and the integration of this information into societal decision
making. Such integration can be facilitated by providing decision
makers with easily understandable summary statistics of ecological
performance. Just as GDP provides a useful summary statistic of
the aggregate value of economic activity, GEP provides a useful
summary statistic of the aggregate value of the contributions of
nature to society. The development of GEP within China in pilot
projects—including Qinghai Province, Zhejiang Province (74),
and numerous municipalities and counties across China (10)—
and its incorporation into government operations, is a promising
step in this direction. Results from Qinghai Province demonstrate that GEP is a tractable approach with currently available
data and methods. By setting out the data and methods in a clear
and transparent manner, we hope to provide a useful template to
account for the value of nature in countries worldwide, one that
can be improved through time as data and methods improve.

8.
9.

10.
11.
12.
13.
14.

Ouyang et al.

Downloaded at Rsrch Cntr for Eco-envion Sci on July 26, 2021

Ouyang et al.

50. Y. Li et al., Prioritizing protection measures through ecosystem services valuation for
the Napahai Wetland, Shangri-La County, Yunnan Province, China. Int. J. Sustain. Dev.
World Ecol. 22, 142–150 (2015).
51. T. Li, X. Gao, Ecosystem services valuation of Lakeside Wetland Park beside Chaohu
Lake in China. Water 8, 301 (2016).
52. F. Wang et al., Assessing the changes of ecosystem services in the Nansi Lake Wetland,
China. Water 11, 788 (2019).
53. X. Zhang, X. Lu, Multiple criteria evaluation of ecosystem services for the Ruoergai
Plateau Marshes in southwest China. Ecol. Econ. 69, 1463–1470 (2010).
54. X. Dong et al., Valuation of fragile agro-ecosystem services in the Loess region —A
case study of Ansai county in China. Outlook Agric. 36, 247–253 (2007).
55. L. Jing, R. Zhiyuan, Variations in ecosystem service value in response to land use changes in
the Loess Plateau in Northern Shaanxi Province, China. Int. J. Environ. Res. 5, 109–118 (2011).
56. L. Wen et al., Effect of degradation intensity on grassland ecosystem services in the
alpine region of Qinghai-Tibetan Plateau, China. PLoS One 8, e58432 (2013).
57. D. Zhang et al., Ecosystem service tradeoff between traditional and modern agriculture: A case study in Congjiang County, Guizhou Province, China. Front. Environ.
Sci. Eng. 6, 743–752 (2012).
58. H. Xie et al., Influence on ecosystem service caused by soil and water conservation in
Yanhe River Basin of the Loess Plateau, China. J. Food Agric. Environ. 11, 993–998 (2013).
59. B. Zhang et al., Ecosystem services research in China: Progress and perspective. Ecol.
Econ. 69, 1389–1395 (2010).
60. W. Jiang, Ecosystem services research in China: A critical review. Ecosyst. Serv. 26, 10–
16 (2017).
61. Z. Ouyang et al., Gross ecosystem product concept accounting framework and case
study. Acta Ecol. Sin. 33, 6747–6761 (2013).
62. G. Ma et al., Concept definition and system construction of gross ecosystem product.
Ziyuan Kexue 37, 1709–1715 (2015).
63. Z. Ouyang, L. S. Jin, Developing Gross Ecosystem Product and Ecological Asset Accounting for Eco-Compensation (Science Press, Beijing, 2017).
64. Z. Guo et al., An assessment of ecosystem services: Water flow regulation and hydroelectric power generation. Ecol. Appl. 10, 925–936 (2000).
65. T. H. Ricketts, G. C. Daily, P. R. Ehrlich, C. D. Michener, Economic value of tropical
forest to coffee production. Proc. Natl. Acad. Sci. U.S.A. 101, 12579–12582 (2004).
66. M. P. Garratt et al., Avoiding a bad apple: Insect pollination enhances fruit quality
and economic value. Agric. Ecosyst. Environ. 184, 34–40 (2014).
67. C. Fezzi, I. Bateman, The impact of climate change on agriculture: Nonlinear effects
and aggregation bias in Ricardian models of farmland values. J. Assoc. Environ. Resour. Econ. 2, 57–92 (2015).
68. L. Shabman, S. Batie, The economic value of natural coastal wetlands: A critique.
Coastal Zone Manage. J. 4, 231–247 (1978).
69. A. M. Freeman, III et al., The Measurement of Environmental and Resource Values:
Theory and Methods (Resources for the Future Press, New York, ed. 3, 2014).
70. Z. Ouyang, W. Xu, Y. Xiao, Ecosystem Pattern, Quality, Services and their Changes in
China (Science Press, Beijing, 2017), pp. 35–75.
71. Department of Water Resources of Qinghai Province, 2015 Qinghai Water Resource
Bulletin (Department of Water Resources of Qinghai Province, Xining, China, 2016).
72. Y. Xin, The degradation trend of natural grassland in Qinghai Province. Qinghai
Prataculture 23, 46–53 (2014).
73. R. Sharp et al., InVEST User’s Guide (The Natural Capital Project, Stanford, CA, 2018).
74. Z. Ouyang et al., National ecosystem survey and assessment of China. Bull. Chin. Acad.
Sci. 29, 462–466 (2014).
75. J. Hu, Firmly March on the Path of Socialism with Chinese Characteristics and Strive to
Complete the Building of a Moderately Prosperous Society in All Respects (Renmin
Press, Beijing, 2012).
76. R. Goldman-Benner et al., Water funds and payments for ecosystem services: Practice
learns from theory and theory can learn from practice. Oryx 46, 55–63 (2012).
77. L. Mandle et al., Green Growth That Works: Natural Capital Policy and Finance
Mechanisms around the World (Island Press, Washington, DC, 2019).
78. A. Ashendorff et al., Watershed protection for New York City’s supply. J. Am. Water
Works Assoc. 89, 75–88 (1997).
79. S. Cao et al., Evaluation of use value of water ecosystem service functions in the
Qinghai Lake. Ecol. Econ. 9, 163–167 (2013).
80. Y. Li, Y. Z. Liu, Evaluation of ecosystem service function value in Qinghai. Ganhanqu
Ziyuan Yu Huanjing 24, 1–10 (2010).
81. B. Jiang, L. Zhang, Z. Y. Ouyang, Ecosystem services valuation of Qinghai Lake. Ying
Yong Sheng Tai Xue Bao 26, 3137–3144 (2015).
82. M. Zhao et al., Assessment on grassland ecosystem services in Qinghai Province during
1998–2012. Ziran Ziyuan Xuebao 2017, 418–433 (2017).
83. G. D. Xie et al., Ecological assets valuation of the Tibetan Plateau. Ziran Ziyuan
Xuebao 18, 189–196 (2003a).
84. G. D. Xie et al., The economic evaluation of grassland ecosystem services in QinghaiTibet Plateau. J. Mt. Sci. 21, 50–55 (2003b).
85. A. Vanoli, A History of National Accounting (IOS Press, Amsterdam, 2005).
86. B. L. Keeler et al., Linking water quality and well-being for improved assessment and
valuation of ecosystem services. Proc. Natl. Acad. Sci. U.S.A. 109, 18619–18624 (2012).
87. L. Olander et al., Benefit relevant indicators: Ecosystem services measures that link
ecological and social outcomes. Ecol. Indic. 85, 1262–1272 (2018).
88. S. Polasky, H. Tallis, B. Reyers, Setting the bar: Standards for ecosystem services. Proc.
Natl. Acad. Sci. U.S.A. 112, 7356–7361 (2015).
89. United Nations, Technical recommendations in support of the system of environmental-economic accounting 2012, experimental ecosystem accounts (2019). https://
seea.un.org/sites/seea.un.org/files/technical_recommendations_in_support_of_the_seea_
eea_final_white_cover.pdf. Accessed 1 December 2019.

PNAS | June 23, 2020 | vol. 117 | no. 25 | 14601

SUSTAINABILITY
SCIENCE

15. Central Committee of the CPC and the State Council of China, Comprehensive program for reform of the ecological progress system (2015). http://english.www.gov.cn/
archive/state_council_gazette/2015/10/10/content_281475208414884.htm. Accessed 7
December 2017.
16. China’s Ministry of Environmental Protection and Chinese Academy of Sciences, Report on China Ecosystem Assessment (2000-2010) (Ministry of Environmental Protection, Beijing, 2015) [in Chinese].
17. United Nations, European Commission, Food and Agriculture Organization, International Monetary Fund, Organization for Economic Cooperation and Development, and World Bank, System of Environmental-Economic Accounting 2012: Central
Framework (United Nations, New York, 2012).
18. United Nations, European Commission, Food and Agriculture Organization, International Monetary Fund, Organization for Economic Cooperation and Development, and World Bank, System of Environmental-Economic Accounting 2012:
Experimental Ecosystem Accounting (United Nations, New York, 2013).
19. C. Obst, M. Vardon, Recording environmental assets in the national accounts. Oxf.
Rev. Econ. Policy 30, 126–144 (2014).
20. C. Obst et al., National accounting and the valuation of ecosystem assets and their
services. Environ. Resour. Econ. 64, 1–23 (2016).
21. O. Banerjee et al., A conceptual framework for integrated economic–environmental
modeling. J. Environ. Dev. 25, 276–305 (2016).
22. United Nations, European Union, Food and Agricultural Organization of the United
Nations, Organisation for Economic Co-operation and Development, The World Bank,
System of Environmental-Economic Accounting 2012–Applications and Extensions
(United Nations, New York, 2017).
23. United Nations, European Commission, International Monetary Fund, Organization
for Economic Cooperation and Development, and World Bank, System of National
Accounts 2008 (United Nations, New York, 2009).
24. O. Banerjee et al., The SEEA-based integrated economic-environmental modelling
framework: An illustration with Guatemala’s forest and fuelwood sector. Environ.
Resour. Econ. 72, 539–558 (2019).
25. O. Banerjee et al., Evaluating synergies and trade-offs in achieving the SDGs of zero
hunger and clean water and sanitation: An application of the IEEM Platform to
Guatemala. Ecol. Econ. 161, 280–291 (2019).
26. G. M. Lange et al., Eds., The Changing Wealth of Nations 2018: Building a Sustainable
Future (World Bank, Washington, DC, 2018).
27. K. Hamilton, M. Clemens, Genuine saving rates in developing countries. World Bank
Econ. Rev. 13, 333–356 (1999).
28. World Bank, Where Is the Wealth of Nations? (World Bank, Washington, DC, 2006).
29. World Bank, The Changing Wealth of Nations: Measuring Sustainable Development
in the New Millennium (World Bank, Washington, DC, 2011).
30. K. Arrow et al., Sustainability and the measurement of wealth. Environ. Dev. Econ. 17,
317–353 (2012).
31. United Nations University, The International Human Dimensions Programme, and
United Nations Environment Programme, Inclusive Wealth Report 2014: Measuring
Progress Toward Sustainability (Cambridge University Press, Cambridge, UK, 2012).
32. United Nations University, The International Human Dimensions Programme on
Global Environmental Change, United Nations Environment Programme, Inclusive
Wealth Report 2014: Measuring Progress toward Sustainability (Cambridge University
Press, Cambridge, UK, 2014).
33. S. Managi, P. Kumar, Eds., Inclusive Wealth Report 2018: Measuring Progress Toward
Sustainability (Routledge, New York, 2018).
34. S. Polasky et al., Inclusive wealth as a metric of sustainable development. Annu. Rev.
Environ. Resour. 40, 6.1–6.22 (2015).
35. The Economics of Ecosystems and Biodiversity, Mainstreaming the Economics of Nature: A Synthesis of the Approach, Conclusions and Recommendations of TEEB
(Earthscan, London, 2010).
36. P. Kareiva et al., Natural Capital: Theory and Practice of Mapping Ecosystem Services
(Oxford University Press, New York, 2011).
37. UK National Ecosystem Assessment, The UK National Ecosystem Assessment: Synthesis
of the Key Findings (UNEP-WCMC, Cambridge, UK, 2011).
38. UK National Ecosystem Assessment, The UK National Ecosystem Assessment Followon: Synthesis of the Key Findings (UNEP-WCMC, LWEC, Cambridge, UK, 2014).
39. E. Nelson et al., Modeling multiple ecosystem services, biodiversity conservation,
commodity production, and tradeoffs at landscape scales. Front. Ecol. Environ. 7, 4–11 (2009).
40. I. Bateman et al., Economic analysis for ecosystem service assessments. Environ. Resour. Econ. 48, 177–218 (2011).
41. J. H. Goldstein et al., Integrating ecosystem-service tradeoffs into land-use decisions.
Proc. Natl. Acad. Sci. U.S.A. 109, 7565–7570 (2012).
42. I. J. Bateman et al., Bringing ecosystem services into economic decision-making: Land
use in the United Kingdom. Science 341, 45–50 (2013).
43. J. J. Lawler et al., Projected land-use change impacts on ecosystem services in the
United States. Proc. Natl. Acad. Sci. U.S.A. 111, 7492–7497 (2014).
44. Z. Ouyang et al., A primary study on Chinese terrestrial ecosystem services and their
ecological-economic values. Acta Ecol. Sin. 19, 607–613 (1999).
45. G. Wu, H. Xiao, J. Zhao, G. Shao, J. Li, Forest ecosystem services of Changbai mountain
in China. Sci. China C Life Sci. 45, 21–32 (2002).
46. Z. W. Guo et al., Ecosystem functions, services and their values—A case study in
Xingshan County of China. Ecol. Econ. 38, 141–154 (2001).
47. J. Li et al., Ecosystem services and their values: A case study in the Qinba Mountains of
China. Ecol. Res. 21, 597–604 (2006).
48. H. Guo, B. Wang, X. Ma, G. Zhao, S. Li, Evaluation of ecosystem services of Chinese
pine forests in China. Sci. China C Life Sci. 51, 662–670 (2008).
49. X. Niu et al., Economical assessment of forest ecosystem services in China: Characteristics and implications. Ecol. Complex. 11, 1–11 (2012).

