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a b s t r a c t

Eco-compensation is an economic approach to improve ecosystem services (ESs) through coordinating
the relationships among different stakeholders. However, it is crucial to set up appropriate eco-
compensation standards. This study proposes an emergy-based eco-compensation accounting frame-
work by linking it with the InVEST model and ArcGIS to calculate the eco-compensation standard from
the perspective of ES improvement. Erhai Lake Basin (ELB) was selected as one case study area, in which
its ESs were divided into three categories, i.e. provisioning services, regulating services and cultural
services. Emergy values and emdollar values of different ESs in ELB were calculated for the study period
of 2000e2015. Results show that both emergy values and emdollar values of provisioning services and
cultural services increased significantly from 2000 to 2015. However, the emergy values of regulating
services decreased during 2000e2015, while its emdollar values still increased. This indicates that it is
critical to pay more attentions on regulating services since such services directly reflect ecosystem
quality. The eco-compensation standards for different land types were then proposed so that suitable
policies can be made. As such, the driving forces of ESs changes were uncovered and the feasibility of
proposed eco-compensation standards was discussed. Key findings from this study can help relevant
stakeholders to work together to prepare appropriate eco-compensation policies.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the increasing human disturbance, the quality of global
ecosystems is declining (de Groot et al., 2012). However, the
reduced ecosystem services (ESs, human benefits from the natural
ecosystem) will adversely affect human life (MA, 2005). In order to
recover the stability of ecosystems, eco-compensation was pro-
posed to help realize the harmony between human and nature.
Through coordinating the relationships among different stake-
holders by linking both economic and non-economic means
(Wunder, 2015), eco-compensation is considered an effective way
to improve the overall sustainability of ESs (Liu et al., 2018a). To
date, some Chinese regions have initiated their eco-compensation
Public Affairs, Shanghai Jiao
practices (Liu et al., 2017). However, disputes exist on how to set
a proper eco-compensation standard, which have been discussed in
various ecosystems, such as watershed (Fu et al., 2017), forest
(Sheng et al., 2017) and farmland (Liu et al., 2019).

Based on the externality theory, eco-compensation standard is
the benefit of ecosystem overflow after implementing ecological
protection, namely the increased value of ESs (Duan et al., 2010).
Ecosystem service value approach is a proper way to calculate this
kind of value (Yang and Yang, 2014). It mainly includes economic
methods and ecological methods. The former ones evaluate the
economic value of ESs based on human preferences, such as market
value method, contingent valuation method and opportunity cost.
But they may underestimate those ESs that do not have market
prices due to their public/quasi-public goods attributes (H€ayh€a and
Franzese, 2014). Those ecological methods can solve such a prob-
lem. They rely on resource consumption or contribution from the
perspective of ecosystem itself so that they avoid the limit of
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Nomenclature

ES ecosystem service
WS water supply service
FS food production service
MS raw materials service
CS carbon sequestration service
CR climate regulation service
WR water retention service
WP water purification service
SC soil conservation service
EN tourism service
ELB Erhai Lake Basin
InVEST model Integrated Valuation of Ecosytem Services and

Tradeoffs model
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market prices and the anthropocentric instrumental utility
(Campbell and Brown, 2012). Especially, suchmethods could reflect
the true values of ESs from the donor side. Among them, emergy
analysis is a popular method proposed by Odum H.T., a famous
system ecologist, in 1980s (Zhong et al., 2019). Emergy is “the
available energy of one kind used directly or indirectly to generate a
service or a product” (Odum, 1996). This method builds a bridge
between natural ecosystem and economic system by a certain ratio
and has been applied by many researchers and politicians (Zhong
et al., 2016).

Academically, emergy analysis has been widely employed for
ESs assessment. For example, Campbell and Brown (2012) applied
emergy to quantify the ESs provided by National Forest System
lands and further showed their monetary equivalent (emdollar).
Later, Campbell and Tilley (2014) valued ESs fromMaryland forests
with emergy and transformed to economic values by new emergy-
to-dollar ratios. Dong et al. (2014) calculated emergy values of ESs
in Xilinguole League of Inner Mongolia, China and compared their
emergy-based currency equivalents with actual market prices to
warn about the underestimation of ESs’ real contribution. Yang
et al. (2018) proposed a non-economic accounting framework on
ESs valuation by applying emergy analysis and took the forest
ecosystem in Jing-Jin-Ji area as a case to demonstrate that emergy
analysis was a good complement to current monetary methods.
Wang et al. (2019) assessed regional ESs in the YellowRiver Delta by
applying emergy analysis and visualized their distribution by using
ArcGIS. However, few of them proposed eco-compensation stan-
dards based on emergy analysis. Only several studies, such as Mao
et al. (2014) and Wang et al. (2019), addressed this topic by taking
the total value of ESs or its change based on the base year as the
standard. But such a treatment regards human labor or economic
inputs as one part of eco-compensation standard, leading to devi-
ation of the final results. Liu and Yang (2019) further highlighted
the importance of recognizing the differences among natural con-
tributions, artificial inputs and human preferences and proposed
that pure natural contribution should be the basis of eco-
compensation standard. Unfortunately, they did not follow
various ecosystem services and cannot provide a holistic picture of
ecosystem functions. Under such circumstances, this study aims to
focus on the ecosystem itself and proposes an emergy-based eco-
compensation standard according to the changes of crucial ESs.
Such standards can reflect the true contribution or loss of
ecosystem itself without being affected by the market, which is the
essence of eco-compensation. In order to achieve such a target, the
InVEST model and ArcGIS tool, which have been widely applied in
ESs assessment (Ouyang et al., 2016), are employed to improve the
accuracy of emergy-based ESs calculation.
In China, watershed is one of the most important areas for eco-

compensation practices (Liu and Yang, 2019). Erhai Lake Basin
(ELB), located in the Yunnan Province of China, was selected as the
case study site due to 1) its rich ecosystem functions and famous
tourist attractions, 2) the destruction of its ecosystem in recent
decades because of disorderly human activities and rapid economic
development, 3) the lack of local eco-compensation standards
(Zhong, 2019). This study attempts to deal with such an issue from
the following aspects. Firstly, it classifies the ESs in ELB and cal-
culates their emergy values for the period of 2000e2015 with the
aid of the InVEST model and ArcGIS. Then, the emdollars are
analyzed so that the eco-compensation standards focusing on
improving ESs within ELB can be proposed. Finally, this study un-
covers the driving forces of ESs changes and compares the eco-
compensation standards with other relevant studies. We expect
that the results from this study can provide valuable insights for
relevant policy makers to prepare appropriate eco-compensation
standards in ELB. We also expect that the proposed framework
can help researchers and decision makers to deal with similar is-
sues from the perspectives of both natural ecosystems and eco-
nomic systems. The whole paper is organized as below. After this
introduction section, section 2 details research methods and data
sources. Section 3 presents research results and Section 4 discusses
policy implications. Finally, section 5 draws research conclusions.

2. Methods and data

2.1. Study area

ELB locates in the Dali Bai Autonomous Prefecture of Yunnan
Province, southwest China (Fig. 1). Its latitude and longitude are
25�360N-25�580N and 100�050E�100�170E, respectively. The total
area is 2665 km2 with an average elevation of 1796 m. ELB has
diversified ecosystems, especially the neighboring Cangshan
Mountain which can provide abundant ESs for local residents. This
mountain locates in thewest of the basin and it is one of the famous
national natural reserves and national tourist sites. The other one is
Erhai Lake. It is the seventh largest freshwater lake in China and the
second largest plateau lake in Yunnan Province. Its water surface
area and the total water volume are about 252 km2 and 2.959
billion m3 respectively. It locates in the middle of ELB and plays an
important role for local residents’ life and economic development.
Towns and farmlands centralize around the lake and adjacent
water system. There are 16 towns in the ELB. Agriculture,
manufacturing and tourism are the main local industries.

2.2. ESs classification and calculation

Under the guidance of well-recognized Costanza’s studies
(Costanza et al., 1997; de Groot et al., 2012) and Millennium
Ecosystem Assessment (MA, 2005), this study divides ESs within
ELB into three categories and nine sub-categories according to the
local situation. They are (1) provisioning services, the resources
people directly obtain from ELB ecosystem, including water supply,
food production and raw materials; (2) regulating services, the
benefits people get from the regulating effect of ELB ecosystem it-
self, including carbon sequestration, climate regulation, water
retention, water purification and soil conservation; (3) cultural
services, the immaterial benefits people enjoy from ELB ecosystem,
referring to tourism. The emergy values of all services are calcu-
lated according to the following equations to understand their
temporal variations (see Odum (1996) for detailed information
about emergy theory and see Appendix A for additional informa-
tion on equations). These services closely relate to land types. For



Fig. 1. The location of Erhai Lake Basin.
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instance, regulating services are visualized to show their spatial
variations. Eight different land types in ELB are illustrated in
Appendix B.
2.2.1. Water supply service
This service refers to water resources provided by Erhai Lake for

supporting local residents’ daily life and economic activities,
including agricultural water, industrial water and domestic water.
Its emergy value is calculated by Eq. (1).

WS¼
X3
i¼1

Wi � UEVi (1)

where WS presents water supply service in ELB (sej); Wi and UEVi
represent the volume (m3) and unit emergy value (sej/m3) of
agricultural water, industrial water and domestic water,
respectively.
2.2.2. Food production service
This service refers to agricultural products provided by ELB for

feeding local residents, such as grain, aquatic products, fruit, to-
bacco, tea, meat, milk and so on. Its emergy value is calculated by
Eq. (2).

FS¼
Xn
i¼1

Fi � UEVi (2)

where FS represents food production service in ELB (sej); Fi rep-
resents the energy of ith food production transformed from its
quantity (J); UEVi represents the corresponding unit emergy value
(sej/J).
2.2.3. Raw materials service
This service refers to the rawmaterials provided by ELB for local

manufacturing activities, which is mainly limestone for cement
production here. Its emergy value is calculated by Eq. (3).

MS¼M � UEV (3)

whereMS represents raw materials service in ELB (sej);M and UEV
represents the quality (g) and unit emergy value (sej/g) of lime-
stone respectively.
2.2.4. Carbon sequestration service
This service refers to CO2 absorption through vegetation

photosynthesis in ELB. The unit carbon sequestration can be
calculated by Eq. (4), and its spatial variation could be further
illustrated with the help of ArcGIS. Then, the emergy value can be
calculated by Eq. (5).

CSG ¼
NPP � 0:1gC

�
m2

45%
� 1:63 (4)

where CSG represents unit carbon sequestration service in ELB (gC/
m2); NPP represents the net primary productivity of ELB.

CS¼CSG � A� UEV (5)

where CS represents carbon sequestration service in ELB (sej); A
represents the area of ELB (m2); UEV represents the unit emergy
value of carbon (sej/g).
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2.2.5. Climate regulation service
This service refers to evapotranspiration of vegetation, soil and

water in ELB. Its spatial variation can be illustrated by ArcGIS after
getting remote sensing data of unit evapotranspiration. Then, its
emergy value can be calculated by Eq. (6).

CR¼ ET � A� UEV (6)

where CR represents climate regulation service in ELB (sej); ET
represents evapotranspiration in ELB (mm); A represents the area
of ELB (m2); UEV represents the unit emergy value of natural water
in ELB (sej/m3).

2.2.6. Water retention service
This service refers to water resources retained and stored by soil

in ELB, namely the portion of water yield in ELB that is stored by
soil. Water yield and water retention can be calculated by Eq. (7)
and Eq. (8) respectively. The spatial variation of this service can
be illustrated by ArcGIS. Then, its emergy value can be calculated by
Eq. (9).

WYG ¼ Pre� ET (7)

where WYG represents water yield in ELB (mm); Pre represents
rainfall in ELB (mm); ET represents evapotranspiration in ELB
(mm).

WRG¼min

 
1;

249
Velcoef

!
�min

�
1;

0:9� TI
3

�
�min

�
1;

Ksat

300

�

�WYG
(8)

where WRG represents water retention in ELB (mm); Velcoef rep-
resents velocity coefficients of different land types (see Table B1); TI
represents topographic index, dimensionless (see Eq. (A.1)); Ksat

represents soil saturation hydraulic conductivity (mm/d) (see Eq.
(A.2)).

WR¼WRG � A� UEV (9)

where WR represents water retention service in ELB (sej); A rep-
resents the area of ELB (m2); UEV represents the unit emergy value
of natural water in ELB (sej/m3).

2.2.7. Water purification service
This service refers to interception of pollutants from runoff by

vegetation and soil in ELB. Its spatial variation can be illustrated by
one InVEST model (water purification module (Sharp et al., 2018)).
Then, emergy theory can show its temporal variations. Eqs. (10) and
(11) list the detailed calculation processes.

WPG¼ eff � ALVx (10)

where WPG represents the amount of pollutants retained in grid X
(kg/pixel); eff represents the removal efficiency of pollutants by
different land types (TN (total nitrogen) was selected in this study)
(see Table B1); ALVx represents pollution load of grid X calculated
(see Eq. (A.3)).

WP¼WPG � A
pixel

� UEV (11)

where WP represents water purification service in ELB (sej); A
represents the area of ELB (m2); pixel represents the area of per
grid; UEV represents the unit emergy value of TN (sej/g).
2.2.8. Soil conservation service
This service refers to protective effect of vegetation on soil in

ELB. Its spatial variation can be illustrated by one InVEST model
(soil conservation module based on Universal Soil Loss Equation
(USLE, Eq. (12)) (Sharp et al., 2018)). Then, its emergy value can be
calculated by Eq. (13).

SCG ¼Rx �Kx � LSx � ð1�Cx � PxÞ (12)

where SCG represents soil retention of grid X (t/pixel); Rx represents
rainfall erosive force (MJ$mm$hm�2$h�1$yr�1) (see Eq. (A.6)); Kx

represents soil erodibility (t$hm2$h$MJ�1$mm�1$hm�2) (see Eqs.
(A.7)-(A.8)); LSx represents slope length factor (see Eqs. (A.9)-
(A.10)); Cx and Px represent vegetation factor and soil safeguard
measures, respectively (see Table B1).

SC¼ SCG � A
pixel

� f � UEV (13)

where SC represents soil conservation service in ELB (sej); A rep-
resents the area of ELB (m2); pixel represents the area of per grid; f
represents soil organic matter conversion coefficient
(0.02 � 5.4 kcal/g � 4186 J/kcal); UEV represents the unit emergy
value of soil organic matter (sej/J).
2.2.9. Tourism service
The emergy value of this service can be calculated by Eq. (14).

EN¼ POP � time� g � UEV (14)

where EN represents tourism service in ELB (sej); POP represents
annual tourist population to ELB; time represents the average stay
time per tourist (h/capita); g represents the energy of per unit time
per tourist (J/h ¼ 104 kcal/h � 4186 J/kcal); UEV represents the unit
emergy value of tourist (sej/J).
2.3. Data sources

The original data on provisioning services and cultural services,
including the consumption of water, food and limestone and the
tourist population, are obtained from the Dali City Statistical
Yearbooks (DCBS, 2000, 2005, 2010, 2015), Eryuan County Statis-
tical Yearbooks (EBS, 2001, 2006, 2011, 2016) and Dali Water
Resource Bulletins (DWA, 2000, 2005, 2010, 2015). NPP and ET are
obtained from pretreated remote sensing data, namely MOD17A3H
and MOD16A3, respectively (downloaded from NASA website:
https://ladsweb.modaps.eosdis.nasa.gov/search/). Pre and the dis-
tribution of ecosystem types in ELB for InVEST model are gained
from Data Center of Resources and Environmental Sciences, Chi-
nese Academy of Sciences (http://www.resdc.cn/Default.aspx). The
UEVs on local water resources are calculated in the author’s pre-
vious research (Zhong, 2019). Other data are obtained from peer-
reviewed research papers. The Geobiosphere Emergy Baseline
(GEB) in this study is 12.0Eþ24 seJ/yr (Brown et al., 2016). The UEVs
based on other GEBs are converted to the same baseline by multi-
plying by a certain coefficient (Zhong et al., 2018). Some parameters
are determined by field survey and previous literatures, such as
time and g in tourism service. Appendix B provides detailed data
information.

https://ladsweb.modaps.eosdis.nasa.gov/search/
http://www.resdc.cn/Default.aspx
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3. Results

3.1. ESs changes

3.1.1. Temporal variations
Fig. 2 presents temporal variation results of ESs in ELB during

the period of 2000e2015 based on emergy analysis. It shows that
the total ESs increased from 6.30Eþ21 sej in 2000 to 9.38Eþ21 sej
in 2015, and almost all the increases occurred after 2005. This was
mainly due to the fast growth of provisioning services and signifi-
cant decrease of regulating services during the study period.

During the study period, provisioning services increased from
2.33Eþ21 sej in 2000 to 5.93Eþ21 sej in 2015, and 91.56% increase
happened before 2010. Specifically, raw materials service experi-
enced the biggest increase and became one of the major provi-
sioning services in 2015 (2.90Eþ21 sej). The next one is food
production service which was 2.86Eþ21 sej in 2015 due to its
continuous increase. The water supply service is the smallest pro-
portion of provisioning services, with a figure of less than 5%. On
the contrary, during the study period, regulating services decreased
from 3.76Eþ21 sej in 2000 to 2.71Eþ21 sej in 2015, with a mini-
mum amount of 1.93Eþ21 sej in 2005. Soil conservation is the
dominant one in regulating services, which accounted for 72.13% in
2015, followed by carbon sequestration service (18.91%), climate
regulation service (7.33%), water retention service (1.62%) and
water purification service (0.01%). Those five regulation services all
experienced decreasing trends with different features. Regarding
cultural services, such a value increased from 3.06Eþ20 sej in 2000
to 7.41Eþ20 sej in 2015, with 72.59% increase occurred during the
last five years (2011e2015).

In general, provisioning services surpassed regulating services
during the period of 2000e2015 to be the major services in ELB,
which accounted for 63.22% in 2015. Yet regulating services was
just 28.88% of total services in 2015 although such a value was
58.17% in 2000. The proportion of cultural services in the total
services is always the smallest, with a figure less than 8%.
Fig. 2. Temporal variations of ESs in ELB during 2000e2015.
3.1.2. Spatial variations
In all ESs, regulating services have close relationship with

ecosystem quality. The decrease of regulating services in ELB in-
dicates the degradation of local ecological quality. Fig. 3 shows the
spatial variations of regulating services from 2000 to 2015, which
can help understand their change features.

Specifically, carbon sequestration service (CS) was mainly
distributed in the southern and western regions of the ELB. During
the study period, such a service decreased significantly in the east
and southeast of the ELB, followed by the middle and north of this
basin. Climate regulation service (CR) was mostly concentrated in
the south of the ELB, followed by the west of this basin and the lake
area. It decreased significantly in the north of the basin and the
surrounding areas of the lake, especially in the east and south re-
gions of Erhai Lake. Water retention service (WR) was mainly
distributed in the north and west of the ELB, and it fluctuated
dramatically. Water purification service (WP) was mainly distrib-
uted in the surrounding areas of the Erhai Lake and also in the north
of this basin. During the research period, it increased obviously in
the east and south of the Erhai Lake. It also experienced a central
expansion trend in the north of the ELB. Soil conservation service
(SC) was mainly distributed in the periphery of the ELB, especially
in the west and north of the basin.

3.2. Eco-compensation standard

In order tomeasure the ESs changes from an economic view, this
study transforms the emergy values of ESs into emdollars. This can
help reveal the economic values of ESs from the perspective of
natural contribution, not just the human preferences (Campbell
and Brown, 2012). According to the emergy algebra, emdollar can
be calculated by multiplying emergy value by emergy money ratio
(EMR, obtained from the author’s previous study (Zhong, 2019)).
More information can be found in Odum (1996).

Fig. 4 presents emdollars of ESs in ELB from 2000 to 2015. It
shows that the emdollars of all kinds of services increased signifi-
cantly during the study period. The emdollars of total ESs in ELB
increased from 1.12Eþ10 RMB in 2000 to 4.40Eþ10 RMB in 2015.
Although there was a slight decrease during 2000e2005, such a
value then quickly increased from 2005 to 2015.

As similar with emergy changes of ESs (see Section 3.1.1), the
emdollars of provisioning services experienced the largest and
fastest growth during the study period, and it became the major
services in 2015 (2.78Eþ10 RMB). The emdollars trend of regulating
services first decreased and then increased later. In overall, it
increased significantly from 6.53Eþ09 RMB in 2000 to 1.27Eþ10
RMB in 2015. In comparison, the emdollars of cultural services had
the least contribution to the total emdollar change of ESs,
increasing from 0.55Eþ09 RMB in 2000 to 3.48Eþ09 RMB in 2015.
The emdollar change trends of nine specific services were basically
similar to their own emergy categories.

Although the change trends of ESs in terms of emergy and
emdollar are very similar in ELB, two differences are found and
deserved to be noticed. One is the variation range. The expression of
emdollar highlights the changes of different ESs. Taking the pro-
visioning service as an example, its emdollar in 2015 was 5.7 times
of the value in 2000, 256% higher than that in emergy form (1.6
times). These were caused by the change of EMR in ELB, which
decreased dramatically during 2000e2015. This phenomenon
shows the impact of economic development on the ESs values. In
response to the increasing human demands, ecosystem provided
more provisioning services and cultural services. During this pro-
cess, human labor and market rules played important roles, leading
to the higher prices. But the change of regulating services was very
different, which deserves further attention. The emergy value of



Fig. 3. The spatial variations of regulating services in ELB during 2000e2015.

Fig. 4. The emdollar changes of ESs in ELB during 2000e2015.
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regulating services decreased, while the corresponding emdollar
increased. This means that the regulating services became scarce
and precious. This is a bad symbol since regulating services had
passed their safety thresholds. It also reflects the destruction and
degradation of local natural ecosystem because such regulating
services were provided by local natural ecosystem. The scarcer the
regulating services were, the higher the prices became. Similar
results can be found in Mao et al. (2014) and Wang et al. (2019).
However, it is easy for people to neglect the importance of regu-
lating services due to their public/quasi-public goods attributes.
Moreover, it is very difficult to recover natural ecosystem since it
costs a great amount of manpower, materials and capitals and it is
difficult to measure such costs. Under such a circumstance, it is
urgent to fully understand regulating services and identifying
appropriate costs and payees.

With this regard, this study took the emdollar change of regu-
lating services as the eco-compensation standard in ELB. In the
authors’ previous study, the ecosystem of ELB was stable in 2000
(Zhong, 2019). Taking 2000 as the base year, the increased emdollar
of regulating services for the period of 2000e2015 was suggested
as the eco-compensation standard in ELB, which is 6.18Eþ09 RMB.
Moreover, this study gave the eco-compensation standards for
different land types (Fig. 5). Such results can provide valuable ref-
erences for setting eco-compensation standards of ELB. In reality,
the final eco-compensation standards in ELB should be determined
by the local stakeholders after fully considering local conditions.
4. Discussions

4.1. Driving forces of ESs changes

Three main factors influencing the time-space changes of ESs in
ELB are identified, including physical geography, land use and land
cover (LULC), and economic development.



Fig. 5. The eco-compensation standards of different land types in ELB.
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4.1.1. Physical geography
Fig. 6 presents the altitudes, slopes and rainfalls during

2000e2015 in ELB. It is clear that these geographical conditions
seriously influenced ESs, especially regulating services. For
example, rainfall is one of the important parameters for calculating
water retention service. Hence, its size and distribution can deter-
mine the time-space change trend of water retention service.
4.1.2. LULC
Fig. 7 illustrates the LULC changes during 2000e2015 in ELB.

Combining the change feature of regulating services (see Section
3.1), several findings are presented, including: 1) forest and shrub
ecosystems provided high CS, CR,WR and SC; 2) paddy land and dry
land provided high WP; 3) grassland was an ordinary ecosystem in
Fig. 6. The physical g
terms of its regulating ability; 4) water mainly provided CR; 5)
construction land provided a small amount of CS and CR. According
to the land use changes in ELB (Fig. 8), grassland decreased
significantly by 226.68 km2 from 2000 to 2015, while dry land,
shrub land and construction land significantly increased by
98.67 km2, 89.24 km2 and 53.97 km2, respectively. Such changes
were not conductive to provide regulating services continuously.
These land increases closely relate with human activities (dry land
and construction land) at the expense of grassland reduction and
resulted in the imbalance of local ecosystem. Besides, the increase
of dry land partly accounted for the growth of FS. The impact of
LULC on ESs has also been proved in many previous studies, such as
Song and Deng (2017) and Tolessa et al. (2017).

4.1.3. Economic development
Human activity is an essential factor affecting ecosystem and ESs

provision (Peng et al., 2017). Fig. 9 illustrates the change tendency
of population and GDP in ELB during 2000e2015. Apparently, both
increased significantly. Such growth increased material demand,
leading to the fast increase of provisioning services. Normally,
people seek to achieve spiritual and cultural goals when their basic
material demands are satisfied. This may cause the rise of cultural
services. These changes accelerated the destruction of the original
ecosystem.

All in all, these factors provide valuable insights for improving
ESs in ELB. Physical geography is a natural condition and can be
hardly controlled by human. Therefore, more attentions should be
eography in ELB.



Fig. 7. LUCL in ELB during 2000e2015.

Fig. 8. Land use changes in ELB from 2000 to 2015.

Fig. 9. Basic social and economic data in ELB during 2000e2015.
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paid on LULC and economic development. Careful land use plan-
ning should be conducted, especially restricting disorderly expan-
sion of construction land. In terms of economic development, green
growth should be encouraged so that the overall resource efficiency
can be achieved. For instance, the local government should
encourage the application of energy efficient technologies, eco-
industrial parks, cleaner production, energy audits, water and en-
ergy cascading, eco-design, and renewable and clean energy, while
phasing out those polluting and energy intensive industries.
4.2. Comparison of eco-compensation standard

With a comprehensive review, several relevant articles on eco-
compensation standard were chosen to compare with this study
(Table 1). It shows that the results of this study are consistent with
some previous articles. For example, the eco-compensation stan-
dard of forest in this study (3.88Eþ04 RMB/hm2) was within the
range of maximum ESs’ value calculated by Sheng et al. (2017)
(0.80e7.13Eþ04 RMB/hm2). And the eco-compensation standard
of paddy land in this study (0.78Eþ04 RMB/hm2) was within the
range of the result of Liu et al. (2019) (0.3e1.2Eþ04 RMB/hm2). Both
articles used economic methods to measure ESs’ value and gave a
range of eco-compensation standard by considering regional dif-
ferences or the demand of ESs. Dynamic eco-compensation stan-
dards should be further studied in the future. The ecological
method proposed in this study, namely, emergy analysis, provides a
more holistic picture of one region with diversified ecosystems (or
land types). The results of other emergy-based studies, such as Mao
et al. (2014) and Wang et al. (2019), were higher or lower than the
results in this study due to the different opinions on ESs. Mao et al.
(2014) took the changes of all kinds of ESs, including those reflected
in the market and those without prices, leading to that their results
were much higher than ours. Wang et al. (2019) focused on indirect
services by following a different classification of ESs, leading to
different results. Comparing with them, this study suggests that
eco-compensation standard should concern the ESs closely related
to the ecosystem itself, except those counted in the market.
Meanwhile, it is not appropriate to determine eco-compensation
standard according to only one kind of ES (Sheng et al., 2019). In
addition, the contingent valuation method (CVM) is a common
approach in this field, but it is strongly affected by interviewees’
willingness, resulting in randomness and uniqueness (Sun et al.,
2019; Liu et al., 2019). Consequently, the eco-compensation stan-
dard proposed in this study is relatively acceptable although more
efforts should be further made to improve the accounting accuracy.

In reality, eco-compensation within ELB is still in its infancy.
Various activities occurred at different governmental levels. At
provincial government level, the Yunnan provincial government
subsidized some funds to protect ecological function zones in its
key ecological areas in 2009. Both Dali City and Eryuan County are
beneficiaries. For instance, they received 97.69million RMB in 2015.
At the prefectural level, the Dali Bai Autonomous Prefecture gov-
ernment provided financial subsidy to support Erhai Lake protec-
tion, with a total amount of 100 million RMB in 2015. At the city
level, the Dali city government annually transferred 15million RMB
to Eryuan county for protecting the source water of Erhai Lake since
2014 because this city locates in the downstream of the Erhai lake.
However, such compensation funds were mainly used for water
quality improvement of Erhai Lake and are far below the eco-



Table 1
Comparison of eco-compensation standards.

Case Method Eco-compensation standard (Eþ04 RMB/hm2) Reference

Erhai Lake Basin, China (2000e2015) Emergy; InVEST Forest 3.88; Shrub 2.99; Grassland 2.4; Dry land 1.47; Paddy
land 0.78; Water 0.27

This study

Yellow River Delta, China (2009, 2015) Emergy Grassland 0.74e0.82; Farmland 0.84e1.0; Water 0.15 Wang et al.
(2019)

Ecological forests in Beijing, China Economic method; Location
indicators

0.02e0.22 Sheng et al.
(2019)

The mountain ecological forests in Beijing, China (2009e2014) Economic method; Adjusting
indicators

average 0.16e0.21; maximum 0.80e7.13 with adjusting
indicators

Sheng et al.
(2017)

Dongting Lake region, China (returning cropland to lake) (1999
e2010)

Emergy 40.31e86.48 Mao et al.
(2014)

Hengshui Lake National Nature Reserve, China (returning
farmland to lake) (2016)

Willing to accept 4.5 Sun et al.
(2019)

The Beijing-Hebei region, China (paddy land-to-dry land
program)

The cost and contribution to
benefits

0.52 without considering the labor costs Liu et al.
(2018b)

Hani Rice Terraces System in southwest China Opportunity cost; Willing to
pay

0.3e1.2 Liu et al.
(2019)

Weihe River in Gansu Province, China (returning farmland to
forest) (2000 and 2010)

InVEST; Opportunity cost 1.46e4.82 Wu et al.
(2018)
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compensation standard proposed in this study. They are inadequate
to improve the overall ecological quality in ELB since only water
quality is concerned, rather than the whole ecosystem. Conse-
quently, local decision makers should pay more attention on the
whole ecosystem protection by increasing eco-compensation
standard so that more areas can be covered, such as local forest
protection, farmland recovery, biodiversity protection, etc.
5. Conclusions

Improving the ESs is the essential goal of eco-compensation.
This study built an emergy analysis based framework to calculate
eco-compensation standard by considering the change value of ESs
that closely relates to ecosystem itself. With the aid of the InVEST
model and ArcGIS, emergy analysis can help determine the
appropriate eco-compensation standard by considering the true
contribution of local ecosystem beyond the traditional economics
perspectives. ELB was selected as the case study area and its ESs
were divided into three categories and nine sub-categories. Results
show that the emergy values of provisioning services and cultural
services increased during 2000e2015. In particular, provisioning
services increased from 2.33Eþ21 sej in 2000 to 5.93Eþ21 sej in
2015 and became the dominant service in ELB in 2015. But regu-
lating services decreased from 3.76Eþ21 sej in 2000 to 2.71Eþ21
sej in 2015 and became the second major category in ELB. In terms
of emdollar results, all kinds of ESs grew significantly during the
study period. The emdollar of provisioning services surpassed the
value of regulating services to be the major contributor of the total
emdollar in 2015. And their emdollars were 4.15Eþ09 RMB and
6.53Eþ09 RMB in 2000 and 2.78Eþ10 RMB and 1.27Eþ10 RMB in
2015, respectively. Cultural service is the smallest one. The change
trends of nine specific services are basically consistent with their
own categories.

Comparing the results of two expression forms, it is clear that
regulating services became scarce and precious. It is urgent to
improve such ESs due to its close relationship with natural
ecosystem and its difficulty of recovery. Therefore, this study pro-
poses one eco-compensation standard in ELB based on the
emdollar change of regulating services, which was 6.18Eþ09 RMB
by taking 2000 as the base year. The standards for different land
types were 3.88Eþ04 RMB/hm2 for forest, 2.99Eþ04 RMB/hm2 for
shrub, 2.40Eþ04 RMB/hm2 for grassland, 1.47Eþ04 RMB/hm2 for
dry land, 0.92Eþ04 RMB/hm2 for construction land, 0.78Eþ04
RMB/hm2 for paddy land and 0.27Eþ04 RMB/hm2 for water. By
comparing them with results in other relevant studies, it is clear
that the proposed eco-compensation standards are feasible and
acceptable.

Limitations do exist in this study. Some ESs may be not included
in this study due to their small weights and the lack of available
data. This study illustrates the spatial variations of regulating ser-
vices, but regional differences are not considered in the final eco-
compensation standard. Also, the feasibility of the proposed stan-
dard should be further discussed. Nevertheless, this study provides
an innovative eco-centric perspective to those policy-makers so
that they can prepare more appropriate eco-compensation stan-
dards based upon natural ecosystem services.
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