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Abstract Ecological compensation is a new resource and
environment management model. As one of the main areas
for implementing ecological compensation policies, basin
ecological compensation has become an important mea-
sure for encouraging basin pollution control projects and
improving the quality of regional economic development.
By applying the basic game analysis of evolutionary game
theory and building an evolutionary game model with a
“reward—punishment” mechanism, this paper compares the
interest-related decision-making behaviors of the upstream
and downstream stakeholders of basin ecological compen-
sation. By using data on the water quality of Xiangjiang
River Basin, this paper calculates the rewards and penalties
in different intervals by building a parametric regression
mathematical model and employing the local linear
regression method. Results show that a decline in water
quality should be fined RMB 925500 yuan, an improve-
ment in water quality should be awarded RMB 1227800
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yuan, and a deteriorating water quality should be severely
fined RMB 5087600 yuan.
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standard, Xiangjiang River Basin

1 Introduction

The contradiction between the economic society and the
natural environment continues to increase along with the
development of the economy and society. As the main link
that connects natural and social systems, the basin
ecosystem hosts the largest social population and the
most intensive economic activities. In May 2016, the State
Council implemented relevant measures for the ecological
compensation of grasslands, farmlands, watersheds, water
resources, and soil and established a criteria for identifying
“those who benefit from and who are responsible for
compensation” to accelerate the establishment of a
compensation mechanism wherein the beneficiaries pay a
certain sum and the protectors receive compensation
(Du et al., 2017). As a policy that involves ecology,
economics, and sociology, ecological compensation aims
to repair the damaged parts of the ecological environment
and conserve what is left unspoiled. By measuring the
ecosystem service value, conservation cost, and develop-
ment opportunity cost among others, this policy mainly
adopts a two-pronged approach that combines government
administrative means with market regulations to coordi-
nate the social and economic relations among the
surrounding economic entities and stockholders in both
upstream and downstream regions (Du et al., 2017). The
logic of game theory is to maximize the ultimate benefit
and to balance the interests of both parties by establishing a
reasonable “incentive-constraint” mechanism based on the
“visible hand” (Du et al., 2017). Both sides of this
evolutionary game improve their strategy according to
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different trends and the stability of their environment,
among others. The optimal strategy that can maximize the
interests of both parties is formulated in a continuous
process of decision-making adjustment. By using certain
administrative means, the ecological compensation policy
internalizes the exterior costs of ecological conservation,
induces the beneficiaries of ecological conservation to pay
a certain fee, and provides the suppliers of ecological
products with a reasonable bonus (Kong, 2010).

Establishing a basin ecological compensation policy not
only rationalizes the economy—benefit relationship and the
ownership of ecological products in both the upstream and
downstream but also propels the upstream regions to
develop a green and ecological economic model. However,
the formulation of an ecological compensation standard,
the evaluation of the compensation effect, and the selection
of compensation modes face some key challenges,
including the high liquidity of the basin ecological system,
the vast coverage area, the number of involved entities, the
complex inter-interest relations, and the asymmetry
between regional rationality degree and information
integrity. As a result, oriented to interest analysis and
specific water quality data of the basin, this paper applies
evolutionary game theory to study the game process of
implementing an ecological compensation policy in the
upstream and downstream areas of the Xiangjiang River
Basin. This theory and setup can reflect how two game
parties adjust their game strategies and seek optimization
under practical and non-rational conditions. Moreover, by
using the interest income matrix and dynamic replication
equation theory, this paper aims to define the condition of
the optimized strategy that can provide a theoretical
foundation for formulating an ecological compensation
standard. This paper also empirically analyzes the key
issues faced by the ecological compensation standard of
the basin ecological compensation policy.

2 Literature review

The formulation of a compensation standard has become
an important topic in ecological compensation research
given its direct relationship with the effect of implementing
an ecological compensation policy. Previous studies on the
ecological compensation standard have mainly focused on
determining and quantifying the compensation basis. This
basis can be divided into several categories, including the
cost, willingness to pay (WTP), value of ecosystem
services, environmental resource capacity, and water
quality and quantity.

Apart from focusing on a single basis, many scholars
have integrated several bases and adopted various methods
to examine the ecological compensation standard. In terms
of cost, Li and Hu (2007) used the ecological reconstruc-
tion equalization cost method to calculate the ecological
compensation standard based on the opportunity cost in the

cities of Nanping and Fuzhou, which are located at the
upper and lower reaches of Minjiang River, respectively.
Meanwhile, Li et al. (2012) obtained the direct cost inputs
of water resource improvement in the Dongjiang River
Basin by analyzing the water environment restoration and
treatment, environmental maintenance, and input costs of
ecological construction. In terms of WTP, Amigues et al.
(2002) thoroughly examined the residential and govern-
mental WTP and the governmental willingness to accept in
the Caronne River basin, whereas Biénabe et al. (2006)
proposed a mathematical regression model based on the
results of a CE analysis and a questionnaire survey on the
WTP of residents of the Costa Rica Basin. By performing a
questionnaire survey on the ecological compensation in the
Scottish Basin system, Moran et al. (2007) found that
residents tend to pay in the form of income taxes when
environmental value and social welfare are considered.
Villarroya and Puig (2010) found that the ecological
compensation standard in a Spanish watershed is much
smaller than the damage caused by environmental
pollution. In terms of ecosystem service value, Costanza
et al. (1997) classified the functions of the Earth’s
ecosystems into 17 categories, which served as bases for
measuring the annual ecological service value generated
by the Earth’s biosphere. Daily (1997) performed a
systematic and comprehensive study on the ecosystem
service function that provides a theoretical foundation for
investigating ecosystem service value. In terms of
environmental resource capacity, Guan et al. (2016)
formulated an ecological compensation standard based
on total pollutant control. In terms of water quality and
quantity, Chen and Zhou (2016) argued that the impact of
the dynamic adjustment of hydrological indicators,
including water velocity, water quality, and water volume,
on the compensation standard must be considered when
constructing a basin ecological compensation model.
Based on their SWAT model, Yang et al. (2016) formulated
an ecological compensation standard from the perspective
of green water management. In terms of building a
comprehensive standard, Robert and Stenger (2013)
discovered that the cost of ecological compensation is
nearly similar to the opportunity cost of the corresponding
service in a region where a large economic gap is observed
within the basin and added that the total compensation
cannot make up for the total costs; therefore, the interaction
among different ecosystem services must be considered in
the assessment.

Although a solid basis for examining ecological
compensation standards has been established, previous
studies on the formulation of a scientific and effective
compensation standard are mostly based on a single theory
and have only adopted a single perspective without
comprehensively considering all factors related to com-
pensation. Following the compensation policy with a
“constraint-reward” mechanism that has been implemen-
ted in some regions, this study considers both the
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“constraints” and the “rewards” at the same time in
evaluating the conditions of a highly accurate ecological
compensation optimal strategy in order to provide a
scientific basis for formulating an ecological compensation
standard.

3 Model construction of ecological
compensation evolutionary game theory

3.1 Scenarios and assumptions

This evolutionary game scenario involves two groups of
stakeholders, namely, the people from the upper and lower
reaches. By taking the actual implementation of ecological
compensation into account, the local government, on
behalf of the residents in this region, is also regarded as a
stakeholder in this scenario. The following assumptions
are observed in the analysis:

(1) Under the vigorous macroeconomic regulation and
coordination of the provincial government, the local
governments of the upper and lower reaches reach an
agreement.

(2) By conserving the ecological environment and
bearing both the conservation and opportunity costs, the
local governments of the upper and lower reaches are
directly responsible for the changes in water quality within
their jurisdictions and commit themselves to maintaining
the water ecological environment of the basin.

(3) When the inspection indicators regulated by the
provincial government exceed the standard, the local
governments of the upper and lower reaches must pay a
fine that is not limited to monetary compensation. Doing so
will encourage these local governments to select an
optimal strategy in their game of economic development
and environment conservation.

The decline in the value of ecosystem service as a result
of the fluctuations (or deterioration) in water quality has a
lower impact on the economic and social development of
the upper reaches compared with those of the lower
reaches given that the upper reaches are nestled in
upstream areas with a better water quality. Therefore, the
upper reaches have great potential to experience economic
development at the price of polluting their environment.
Meanwhile, the demands of the lower reaches for
improving their water resources and ecological environ-
ments are significantly higher than those of the upper
reaches given that the local life and production in the lower

reaches are closely tied to water security. However, even if
conserving the watershed ecological environment has a
high economic compensation value, the demand of the
lower reaches for improving their ecological environment
at the expense of their resources and opportunities is
significantly lower than that of the upper reaches. The
lower reaches are also inclined to pay economic compen-
sation for environment conservation products to the upper
reaches as a way of encouraging the latter to conserve the
water environment through economic means. Therefore,
the upper reaches have two options to conserve the water
environment, namely, the “conservation” and “non-
conservation” strategies. The lower reaches also have
these two options when planning to conserve the water
ecological environment at the expense of their economic
development prospects.

Assume that the opportunity cost to conserve the
ecological environment in the upper reaches is C, the
ecological benefit obtained by conserving the environment
in the upper reaches is S, the value of compensation paid
by the lower reaches to the upper reaches is P, the total
revenue obtained by the upper reaches by conserving the
environment is Q;, and the total revenue obtained by the
upper reaches without conserving the environment is Q.
The local governments in the upper and lower reaches that
adopt the conservation strategy will receive the reward J
from the upper government, while those governments that
do not adopt such strategy will be fined F by the upper
government. The revenue payment matrix for the local
governments of the upper and lower reaches in this context
is shown in Table 1.

3.2 Static game analysis

In the static game, both the upper and lower reaches are
completely rational and independent about their potential
strategies and the current situation of their counterparts.
The revenue function in the game process can be known
from the revenue payment matrix, but both parties make
transparent decisions, that is, one side cannot learn the
decision of the other in advance. Therefore, according to
the revenue payment matrix, for the local government of
the upper reaches, when 2(S—C)+ J+ F >0orJ+ F+ 2
(§—C) > 0, the conservation strategy is the optimal option.
Similarly, for the local government of the lower reaches,
when O < 0,, the conservation strategy is the optimal
option. In this case, when the components of revenue are
changed, the optimal strategy will change accordingly,

Table 1 Revenue payment matrix for the local governments of the upper and lower reaches

Upper reaches

Lower reaches

Conservation

Non-conservation

Conservation

Non-conservation

(P+S-S+J, 0,-P+J)
(C+P-S-F, 0Q,-P-J)

(S-C+J, Q,-F)
(C-S-F, O,-F)
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thereby breaking the balance of the game strategy and
failing to realize social benefits. Under such circumstance,
the upper government must conduct a macro control to
coordinate and encourage the local governments of the
upper and lower reaches to seek the most optimal
environment conservation strategy.

3.3 Evolutionary dynamic game analysis of basin
ecological compensation under the “reward—penalty”
mechanism

The proportions of conservation and non-conservations
made by the local government of the upper reaches are
assumed to be x and 1—ux, respectively. When x is 1, the
local government of the upper reaches decides to
“conserve”; otherwise, the local government decides to
“non-conserve”. Meanwhile, y and 1—y denote the
proportions of compensation and non-compensation
made by the local government of the lower reaches,
respectively. When y is 1, the local government decides to
“compensate”; otherwise, the local government decides to
“non-compensate.” Uy; and U;, denote the expected return
values when the local government of the upper reaches
adopts conservation and non-conservation strategies,
respectively. The average return of the local government
of the upper reaches is recorded as U,;. Therefore,

Upy=yp+s—c+J)+({1-p)(s—c+J), (1)
Up=y(ctp-s—F)+(1-y)(c—s), )

Uy =xUpy + (1-x)Upp =x(1-x)(U;; = Upp). ()

The decision making of the local government of the
upper reaches for basin environment conservation can then
be expressed as

F() = 5 = x(Un-T)
=x(1-x)(yF +2(s—c) + J). 4)

The function of this strategy is illustrated in Fig. 1.
When x ranges from 0 to 1, the function has a 0 point,
which indicates that two stable states are available
regardless of the strategy adopted by the local government
of the upper reaches. However, the trend of this function is
liable to non-conservation strategy; when the value x is 1,
the whole system is in a highly stable state.

In addition, provided that

dF(x)
dx

when x € (0.5,1), (yF +2(s—c)+J)>0, and we have
2(c—s)—J
F

=(1-2x)(yF +2(s—c)+J) <0, ®))

y> . Therefore, when the local government of

A dx/dt

=Y

0 1

Fig. 1 Dynamic replication function of the decision strategy.

the upper reaches is inclined to adopt the conservation
strategy, then the probability for the local government of
the lower reaches to adopt the conservation strategy will be

W. When the values of F and J
increase, that is, when the degree of the reward and penalty
increases, the probability for the local government of lower
reaches to adopt a conservation strategy increases as well.
Therefore, the game between the local governments of the
upper and of lower reaches shifts toward the (conservation,
conservation) strategy combination.

The expected returns of the local government when
adopting the conservation and non-conservation strategies
are denoted by U,; and U,,, respectively, while the
average expected return value is denoted by U,.

Uy =x(Q1-p+J)+ (1-x)(Q,—p+J), (6)

greater than

Uy =x(01—F) + (1-x)0,, (7

Uy =yUy + (1-9)Uyp = y(1-p)(Uy = Uxn).  (8)

The dynamic replication equation for the decision
making of this local government on basin environment
conservation can be expressed as

dy —
F(y) = i :y(U21—U2) =y(1-y)xF-p+J). (9)

Let F(y) = 0 = y = 0,1. A steady state can be observed
at 0, 1, and let

dF(y)

—=(1-2y)(xF-p+J) <0.

dy (10)

When y € (0.5,1), (xF—p + J)>0, and we have x> =
When F is greater than J, that is, when the penalty is

greater, tends to decrease. Meanwhile, when J is

greater than £, that is, when the reward is greater, p=J

tends to increase. This variation trend implies that reward
plays an active role in shifting the game toward the
(conservation, conservation) strategy combination. When
F and J are in a reasonable state, this strategy combination
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can approach or even reach the optimal state of social
benefits.

By using the Jacobi matrix local equilibrium point
proposed by Friedman, the replication dynamic equations
of the local governments of the upper and of lower reaches
constitute the replication dynamic system of evolutionary
game, which Jacobi matrix B can be expressed as

[OF(x) OF(x)
ox dy
B =
OoF(y) OF(y)
ox oy
__XLQ@@F+2@7®+J) x(1-x)F
N y(1-y)F (1-2y)(xF=p+J)
(11)
The determinant of matrix B is
det(B) = (1-2x)(1-2y)(vF +2(s—c) +J)
X (xF—p+J)-xyF*(1-x)(1-y),  (12)
while its trace is
tr.B=(1-2x)(yF +2(s—c)+J) + (1-2y)
X (xF—p+J). (13)

Friedman argued that if the strategy (x, y) is a stable
equilibrium strategy, then its Jacobi matrix B satisfies det
B>0 and #.B < 0. If the optimal strategy reaches a
relatively stable state, then both x and y take the value of 1,
and the following conditions must be met:

detB = (F+2(s—c)+J)(F-p-J)>0
trB=F+2(s-c)+2/-p>0

F+J>p
=
F+J>2(c—s)

A smaller critical value for the sum of penalty and
reward can be derived from these two equations. After the
interest game between the local governments of the upper
and of lower reaches, the above critical value is the same as
the critical value obtained under the existence condition,
thereby providing not only the basis for formulating an
ecological compensation standard but also for identifying
its effects. This trend also implies that when formulating
the ecological compensation standard, impartial reward
and penalty can influence the strategies of the local
governments of the upper and of lower reaches when
formulating an ecological compensation standard and then
influence their implementation of ecological compensation
policies.

4 Case study of Xiangjiang River Basin

4.1 Heavy metals comprehensive control project and
ecological compensation status

Located in the southcentral part of China, the Xiangjiang
River Basin is the largest river in the Hunan Province and
is considered an important tributary of the Yangtze River.
The upper reaches of this basin is underdeveloped, while
its lower reaches, specifically the Changsha—Zhuzhou—
Xiangtan region where the urbanization rate reaches over
70%, is moderately developed. However, along with the
continued development of the economy and society, the
Xiangjiang River Basin confronts an increasing rate of
heavy metal contamination and decreasing ecosystem
services value given the unreasonable layout of its
surrounding industries. The damage to the ecological
environment also hinders the harmonious and healthy
development of the society and economy in the region.
Therefore, a reasonable compensation plan and a scientific
compensation standard must be formulated to encourage
the launch of a comprehensive heavy metals control
project in various areas of the Xiangjiang River Basin.
Further improving the ecological compensation mechan-
ism of the Xiangjiang River Basin plays a pivotal role not
only in controlling the heavy metals pollution and
improving the ecosystem environment of this basin but
also in meeting the demands for a harmonious and unified
development between the economy and society.

The lower reaches of the Xiangjiang River Basin
(Changsha—Zhuzhou—Xiangtan region and Yueyang City)
are more developed than its upper reaches (Chenzhou City
and Yongzhou City). This ecological compensation model
is in line with the basin ecological compensation model
where “the lower reaches are beneficiaries while the upper
reaches are victims”. To address the heavy metals pollution
and facilitate the implementation of a comprehensive
control project for heavy metals in the area, in 2014, the
Hunan provincial government explored a lateral basin
compensation to improve the water environment of the
Xiangjiang River Basin and then rewarded or fined the
relevant parties according to the water quantity and quality
assessment results collected from various cities and
counties of the basin. In 2015 and 2016, the sum of
these rewards and penalties has reached 60 million yuan
(Wang and Liu, 2017). After the implementation of this
policy, the water quality monitoring data for the Xiang-
jiang River Basin show that the heavy metals pollution is
gradually alleviating and that the ecological carrying
capacity of the basin is gradually recovering. As reflected
in its ecological compensation benefit scores, the Xiang-
jiang River Basin has greatly benefitted from the
implementation of this policy in 2014 (Tian and Dai,
2016). After the promulgation of this policy, the
comprehensive control project for heavy metals has
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yielded remarkable outcomes and the ecological compen-
sation benefits for the Xiangjiang River Basin have
significantly increased. The present ecological compensa-
tion scenarios in this region are mainly concentrated on
basin ecological compensation while the compensation
method is limited to monetary compensation. Given the
lack of fund channels, the compensation is often made by
different government levels through fiscal transfer pay-
ments. By referring to the water quality monitoring data
and some economic indicators of the Xiangjiang River
Basin from 2005 to 2016, this paper calculates the
economic costs of various water quality scenarios based
on the environmental and economic cost conversion
relationship and then formulates some incentives or
penalties to provide a scientific and effective basis for
formulating an ecological compensation standard in the
region.

4.2 Parametric local regression econometric mathematical
model

Based on the evolutionary game theory model of river
basin ecological compensation with the “reward—punish-
ment” mechanism, this paper uses the water quality data of
the upper reaches of the Xiangjiang River Basin to
construct a parametric local regression econometric
mathematical model for the local regression parameter
measurement of the ecological compensation of the basin.
The local linear regression method is applied to study the
intrinsic relationship between the water quality of the

marginal effects of the water quality and economic
development of the region, and the findings can be used
to analyze the relationship between water quality index and
economic indicators and to calculate the cost criteria
relationship between the environment and economy. To
facilitate the analysis, the water quality evaluation
categories are initially quantified before performing a
comprehensive evaluation. Following the “a better water
quality means a smaller monitoring value” principle of the
method for calculating water quality, the five water quality
classifications are weighted as shown in Table 2. By using
the water quality monitoring data of the Xiangjiang River
Basin from 2005 to 2016, the quarterly average water
quality of the upper reaches is calculated and the water
quality changes in the entire area are then determined.
Figure 2 shows that the water quality of the Xiangjiang
River Basin has rapidly improved in recent years and that
the rate of improvement has accelerated every year.
Following a short-term period of stabilization in 2014,
the year-on-year growth rates in water quality improve-
ment have significantly increased in 2015 and 2016. These
findings show that the ecological compensation policy,
which was implemented in Hunan Province in 2014, has a
significant positive impact on the water quality of the
Xiangjiang River Basin.

If the parametric regression model contains only one
basic variable, then the basic analytical expression of the
mathematical model is

Table 2 Weights of the water quality classifications

; - . . . - . Classification Class I Class I Class Il Class IV~ Class V
Xiangjiang River Basin and its key social and economic Weights ) 3 3 2 S
development indicators. This approach can reveal the

0.810 0.045
mmm Water quality assessment results
0.805- —@— Year-on-year growth rate +0.040
= Sequential growth rate
8 080f 0.035
B
£ 0795} 0.030
g
& L
> 0.790 0.025 2
5 |
2 0785+ 0.020 £
:
<
= 0.780 - 0.015
o
2
§ 0775+ 0.010
=
o
&
g 0.770 |- 0.005
@)
0.765 | 0
0.760 —-0.005

2011 2012 2013

2014 2015 2016

Year

Fig. 2 Variation in water quality in the upper reaches of the Xiangjiang River Basin.
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G=f(x)+e

The parameter regression model for water quality and
GDP can be expressed as

G=f(WQ)+e.

According to previous studies, the economic and social
development and environmental pollution levels of China
generally show an inverted U-shape relationship. Given
that the cubic function demonstrates the best fit to the data,
this function is employed to fit the aforementioned
U-shaped relationship. The mathematical model is built
as follows:

G =f(WQ) = aWQ® + bWQ* + cWQ +d + 0

(a,b,c,d are coefficients, O is error parameter),

where G = {(WQ) and WQ denote the quarterly GDP and
average annual water quality of the upper reaches
(Chenzhou and Yongzhou) from 2005 to 2016 and are
treated as the dependent and independent variables in the
cubic function, respectively. The graph of the function after
fitting is shown in Fig. 3. The strength of the relationship
between G = f(WQ) and WQ can be seen in its marginal
effect, which mainly reflects the cost relationship between
the environmental (represented by water quality) and
economic indicators (represented by GDP). Therefore,
following opportunity cost theory, this paper adopts the
local linear regression method to calculate the marginal
effect of average water quality on the quarterly GDP of the
upper reaches and to determine the relationship between
the water quality and economic development of the
Xiangjiang River Basin.

performed based on a point-by-point sample estimation.
A total of 10 to 20 monitoring sites are available in the
upper reaches of the Xiangjiang River Basin. To accurately
reflect the marginal utility of water quality for GDP at a
certain level, the marginal effect value for a single sample
point is obtained before computing the average marker
effect values for the sample points at all monitoring sites.
According to the fitting function, the relations between
water quality and local GDP show different directions and
strengths across different intervals. The marginal effect
value in interval (0, 3) represents the economic cost of
reducing the water quality score or the amount of penalty
for a decline in water quality. In a more segmented way, the
water quality in interval (1, 2) denotes that the water
quality has improved and that the reward factor produces
the greatest impact. Different kernel functions are used to
find the marginal effect values in intervals (1, 2), (2, 3),
(0, 3), and so on. However, given its relatively poor water
quality, interval mainly exceeds the standard penalty, and
its marginal utility value is taken as the excess penalty
amount.

Table 3 shows that the marginal effect value of water
quality for GDP is 925500 yuan, which means that when
the average water quality is reduced by one unit, then the
upper reaches lose 925500 yuan of their GDP for
conserving or treating their water bodies. This amount
represents the opportunity cost of conserving or harnessing
water bodies in this interval. From the perspective of
subdivision, when the water quality is at interval (1, 2), the
a one unit reduction in water quality corresponds to a
1.22728 million yuan loss in the GDP of the upper reaches
for conserving or treating water bodies. Table 3 also shows

Table 3 Marginal utility of water quality for GDP at different intervals

. . . I 1 Marginal effect value (in 1
4.3 Analysis of the regression results of the ecological nterva arginal effect value (in 10000 yuan)
compensation model (1,2 122.728
2,3) ~508.76
Given that the marginal effect follows the changes in the (g 3) _92.55
independent variables, a local linear regression is
1200 -
y=3422.1x% - 2222157 + 46892x — 31704 '
1000 - R*=3657 ¢
800
600
400
200 -
O 1 1 1 1 1
0 0.5 1.0 15 2.0 2.5
Fig. 3 Function graph of AWQ).
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that when the marginal effect value is positive, the reward
factor greatly affects the decision making. When the water
quality is at interval (2, 3) and the marginal effect value is
negative, a one unit reduction in water quality corresponds
to a 5.087 million yuan loss in the GDP of the upper
reaches. Under such circumstance, the excessive penalty
factor can greatly affect the decision making. According to
the latest ecological compensation standard for the
Xiangjiang River main stream based on monthly calcula-
tion of Hunan Province, a region whose assessment factors
for all exit assessment sections reach the second category
will be awarded 500000 yuan. Therefore, when the WQ is
at interval (1, 2), the reward amount will be lower than the
theoretical reward compensation amount proposed in this
study. Meanwhile, when the water quality of the water exit
section is higher by only one grade compared with that of
the entry section, the reward will be 1 million yuan. If this
grade is lowered, then the corresponding penalty will be
1.5 million yuan. In sum, the penalty and reward intensities
are greater than the theoretical reward compensation
amount of 925500 yuan. If the water quality deterioration
level is high, then from the better water quality interval (the
upstream water quality is generally better) to the poor
water quality interval, the penalty will be 5 million yuan.
Compared with the marginal utility value of the interval
(2,3) that corresponds to the deterioration in water quality,
the policy demonstrates a better reward behavior, except
for the lack of incentives in the excellent water quality
range. The intensity of the interval reward and punishment
is consistent with the experimental results. Figure 2 shows
that the latest water quality assessment results for the
Xiangjiang River Basin have maintained a steady and
positive change, thereby indicating that the environmental
conservation and quality measures of the basin have begun
to stand out. According to relevant data, the total amount of
rewards and punishments for the Xiangjiang River Basin in
2015 and 2016 have exceeded 60 million yuan, and the
ecological compensation policy has increasingly played a
pivotal role in recovering and conserving its water
environment.

5 Conclusions and policy recommendations

In light of the opportunity cost, externality, and synergy
compensation of the upper and lower reaches, a mathe-
matical model with a “reward—penalty” mechanism is
developed based on evolutionary game theory to formulate
an ecological compensation standard for the Xiangjiang
River Basin. A similar water quality assessment system is
also introduced for both the upper and lower reaches of the
basin. If the water quality of a certain area reaches a
specified level, then rewards will be given. Otherwise, the
area will be given an “economic penalty.” The entire
ecological compensation process is coordinated and
macro-controlled by the higher-level government. This

Front. Eng. Manag. 2019, 6(4): 575-583

process differs from the traditional ecological compensa-
tion model of “the lower reaches compensate the upper
reaches”. Holding both reaches accountable for the water
quality in the region can further highlight the identity and
fairness of ecological compensation policies and encou-
rage the local governments of these reaches to adopt
practical measures when implementing a comprehensive
control project for heavy metals pollution in the Xiang-
jiang River Basin to effectively address its heavy metals
pollution problem.

Given that both the comprehensive control project for
heavy metals pollution and the formulation of an
ecological compensation policy for Xiangjiang River
Basin are systematic in nature, the ecological environment
conservation in this area depends on the implementation of
various policies. The ecological compensation policy is an
important part of the current green system enforced by the
government. Therefore, the following points warrant
further attention:

(1) The ecological compensation policy implementation
needs not only the practical work of the local governments
of the upper and lower reaches but also the dynamic
supervision of the higher-level government. The effective-
ness of the conservation and governance efforts in these
reaches also needs to be evaluated. Those areas that obtain
poor assessment results may be given economic penalties
by the higher-level government by following a combina-
tion of different approaches, while those areas that receive
excellent assessment results need to be given some
economic rewards. This “reward—penalty” coordinated
compensation mechanism carries great significance in
effectively promoting social equity and implementing
ecological compensation policies in both the upper and
lower reaches.

(2) Under the “reward—penalty” coordinated supervision
mechanism, the local governments of the upper and of
lower reaches must optimize their policy making and strive
to improve the chances for a conservation strategy to be
implemented within their areas. The theoretical model of
ecological compensation basin based on evolutionary
game theory strikes a balance when both reaches adopt a
conservation strategy. Together with the reward—penalty
scheme of the higher-level government, such dynamic
system shifts toward the equilibrium point of the
“conservation—conservation” strategy. In sum, adopting
the conservation strategy will alleviate the economic costs
and accelerate a green and harmonious development in the
region.

(3) By taking the Xiangjiang River Basin as an example,
the theoretical model of ecological compensation based on
evolutionary game theory performs a parameter estimation
for the empirical analysis. Based on the water quality and
GDP of the Xiangjiang River Basin from 2010 to 2016, the
marginal cost across different intervals is calculated and
the following conclusions are drawn. Under the simple
interval, the amount of reward and penalty is close to the
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current ecological compensation standard of Hunan
Province. One huge difference is that the interval whose
water quality reaches the second category will be awarded
500000 yuan in the current ecological compensation
standard but will be awarded 1227280 yuan according to
the equilibrium stability point calculated in this work.
Therefore, the extant incentive program for water quality
in Hunan Province warrants further improvement, and the
role of such incentives in the implementation of ecological
compensation policies must be further amplified.

The basin pollution control project research is a
relatively rigorous and complex project that involves
economic, social cost, and environmental perspectives
given the interaction between the human social and natural
environment systems. The formulation of a compensation
standard for the upper and lower reaches is linked to a wide
range of aspects, and the available options for compensa-
tion are equally wide ranging. Therefore, future studies
must focus on other factors that may affect the ecological
compensation standard, optimize the theoretical model of
such standard, and enrich the dependent variable in an
empirical analysis to formulate a highly effective,
comprehensive, and reasonable ecological compensation
standard for the Xiangjiang River Basin.
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