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Managing Beijing’s Water Resources with Payment for Environmental Services

Adam Regele

Abstract In response to environmental threats to its primary water source, Beijing recently
implemented new environmental management programs in the catchment of the Miyun
Reservoir. Despite some success at addressing its deteriorating water quality, the Miyun remains
vulnerable to excessive nutrient runoff and risks realizing the same deteriorated fate as Beijing’s
previous water source, the Guanting Reservoir. The payment for environmental services (PES)
model may represent a promising approach to addressing non-point source pollution in the
Miyun. By aligning economic activities with environmental goals and increasing coordination
between upstream and downstream communities, PES can address some of the key weaknesses
in the Miyun’s current management program. Based on quantitative analysis, this paper finds
that fertilizer reductions are a strong candidate for a PES scheme in the Miyun, although
additional hydrological research to develop precise cost and benefit impacts is needed. China’s
experience with the PES model illustrates some of its challenges, as well as providing lessons for
its future application.
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Introduction

Beijing’s Water Challenges Beijing faces the most complex and urgent water problems of
any city in China. Beijing is located in the Haihe River Basin, a river system in the upper half of
China’s North Plain. The basin averages only 305 m’ of fresh water per capita — 5% of the world
average and far below the 1000 m® per capita threshold used by water experts to define water
scarcity (Xia et al., 2006). Low rainfall level (under 550mm annually) must be shared by over
118 million residents of the Haihe basin, making the Haihe the most water deficient of all of
China’s major river basins (Domagalski e al. 2001).

Recognizing the importance of water to the long-term prosperity of Beijing, China’s
leadership focused on both reducing Beijing’s water demand and increasing its water supply.
Between 1950 and 1990, Beijing averaged water use increased by more than 4% annually.
Beginning in the early-1990s, Beijing effectively managed its water and actually reduced its
annual water use between 1995 and 2005, according to official estimates, despite both rapid GDP
and population growth during this period (Beijing Statistical Yearbook, 2006). Although
Beijing’s total water usage has decreased in recent years, the city continues to face annual water
deficits of .3 — 1.5 billion cubic meters (Hou and Hunter, 1998).

Located 100 km northeast of Beijing, the Guanting Reservoir was constructed in 1952 to
serve as the primary water source for the city (Enders, 2005). Pollution rapidly accumulated in
the Guanting during the 1960s and 1970s, stemming from industrial, mining and agricultural
activity located in the upstream parts of Guanting’s catchment area (Peisert and Sternfeld, 2005).
During the 1970s, China established environmental protective zones to protect the Guanting.
However, the program was never fully implemented due to lack of financing and agreement
among the different parties involved.

By the mid-1980s, the Guanting’s waters had become so heavily polluted that Beijing was
forced to find new water sources.' The nearby Miyun Reservoir was used to supplement its water
supply. This reservoir had served the coastal city of Tianjin, located to the southeast of Beijing,
forcing Tianjin to find new water resources in nearby waterways (Eva Sternfeld, personal

communication, 2007). By the time Beijing began using the Miyun Reservoir as its primary

! Pollution levels in the Guating were further aggravated by consecutive drought years, which caused pollution
concentration levels to increase (Sternfeld, personal communication).
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water source, the Guanting had deteriorated to class 5 water quality, limiting it use to only
industrial purposes (Sternfeld and Peisert, 2005).

Without access to the Guanting reservoir, the Miyun became Beijing’s primary water source,
providing 1.5 million cubic meters of water each day to city water users. The Miyun was
fortunate enough to not deteriorate to the same water quality as the Guanting mainly because
lack of development in the Miyun’s upper catchment. Originally built to mitigate flooding and
provide clean water to Tianjin and rural areas near Beijing, the Miyun reservoir has since
evolved to service the needs of Beijing almost exclusively, providing half of Beijing’s water
needs in normal rainfall years.

MANAGING THE MIYUN The Miyun Reservoir is regarded as one of the most important
water protection areas in the world (Sternfeld and Peisert, 2005). Lacking major auxiliary water
sources, Beijing would be vulnerable to an environmental catastrophe that might reduce the
capacity or quality of the Miyun, leaving one of China’s most important cities waterless.
Currently, the biggest threat facing the Miyun is excess pollution from upstream economic
activity — the same threat that overwhelmed the Guanting. Since 2000, the water has degraded
from class II to class III (Enders, 2005). The Miyun is currently in a mesotrophic state® due to
moderate levels of nutrient concentrations in the reservoir (Wang et al., 2001). Among the chief
causes of high nutrient loads in the Miyun is excess fertilizer application in the catchment area.
Scientist generally regard any lake or reservoir with a ratio over 16:1 to be phosphorus limited,
suggesting that phosphorus is by far the key limiting nutrient in the Miyun (Mason, 1996). The
nitrogen to phosphorus level in the Miyun has been measured at over 38:1. If left unmitigated,
pollution increases could lead the Miyun to the same fate as its predecessor.

In the face of these risks, Beijing adopted new environmental programs aimed at reducing the
pollution accumulation in the Miyun. During the mid-1990s, the Beijing government established
three “environmental protective zones” around the Miyun Reservoir. The innermost zone,
covering the land located within approximately 300 meters of the reservoir restricts all
agricultural and residential activities (see Figure 1). The second zone allows limited agricultural
activity, while the third and outermost zone limits mining and industrial activity (Peisert,

personal communication, 2007).

* Mesotrophic lakes have heightened levels of nutrients and will usually turn eutrophic in the future. Although they
are not eutrophic, they are vulnerable to experiencing periodic eutrophic events.
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Figure 1. Sign at the boundary of the Miyun’s Reservoir’s innermost protective zone. “It is the
responsibility of everyone to protect our water resources”

These zones represent a welcome departure from China’s traditional approach to resource
management. Historically, China responded to natural resource problems by building large-scale,
elaborate infrastructure projects — such as the sophisticated levee system on the Yellow River or
the Three Gorges Dams on the Yangtze River. These ‘supply’ solutions rarely addressed the
policy and management issues that are key to creating sustainable, long-term solutions to
managing natural resources.

The Miyun’s environmental protection zones have been moderately effective at reducing the
most overt and extreme pollution sources (Peisert, personal communication, July 2007).
However, the zones largely fail to address the causes of subtler forms of pollution. While point
source pollution has been effectively regulated and removed from the watershed, non-point
source pollution - primarily in the form of agricultural runoff - continues to contaminate the
Miyun’s water (Wang et al., 2001). In 1985, non-point source pollution accounted for 53% of the
total phosphorus entering the Miyun. More recently, such pollution accounts for 94% of Miyun
pollution (Wang et al., 2006).
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Lack of enforcement in the protective zones and poor coordination across jurisdictional
boundaries contribute to the mediocre impact of the protective zones. During July 2007,
agricultural activities continued unabated throughout the innermost protective zone of the Miyun,

despite the farming ban (see Figure 2).

Figure 2. A farmer tends crops inside the first protective zone on the banks of the Miyun (July 2007).

Like the protective zones in the Guanting, coordination between different jurisdictions in the
Miyun remains weak, limiting the effectiveness of the zones. The current protective zones only
cover the lower one-third of the watershed — the area that falls under the Beijing prefecture’s
control. The upper two-thirds of the catchment is located in the Hebei province (see Figure 3).
Beijing and Hebei dispute water rights and pollution responsibilities in the Miyun watershed,
limiting opportunities to establish comprehensive strategies for managing the Miyun catchment

(Sternfeld and Peisert, 2005).
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Figure 3. Map of the Miyun Reservoir Catchment

Upstream versus Downstream The lack of management coordination in the Miyun is
emblematic of the management problems facing water resources throughout China. Poor
management coordination in China is primarily due to two factors: jurisdictional disputes
between different provincial governments over water rights and competing development
priorities between upstream and downstream communities.

Poor watershed coordination results in inefficient water supply distribution between upstream
and downstream communities. Traditional water allocations favored farming interests, often
providing them with first priority to limited water resources at almost no cost. Upstream farmers
and factories use large quantities of water, leaving low river flow for downstream communities.
As a result, downstream areas must contend with low water quantity and quality. Urban
communities struggle to access adequate water supplies and often must pay much higher prices
for water. Reduced downstream flow threatens ecological conditions in downstream areas.

Underlying these coordination problems is a growing economic rift between rural upstream
communities and urban downstream communities in China. Downstream communities have
largely benefited from the past half-century of rapid economic growth, while upstream areas
have not. Rural upstream areas of China remain poor, primarily relying on traditional agriculture
practices and manufacturing jobs to sustain themselves. The average income in rural areas is
only one-sixth that of urban areas when considering subsidies only urban residents receive (Dong

et al 2006).
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These factors contribute to the management challenges in the Miyun watershed. Managing
water resources in the Miyun involves reconciling the competing and often contradictory needs
of two groups — upstream Miyun farmers and downstream urban water users. Both groups are
focused on getting more resources to support increasing economic growth and find themselves
competing for limited water resources. Fueling the water needs of the rural farmers in the Miyun
is their desire to experience the same economic growth that has fueled the increasing standard of
living in Beijing. While environmental regulations in Miyun are designed to protect water for
downstream users, these regulations act to stifle economic growth for Miyun farmers by
restricting farming in protected zones and limiting certain crops in the second protected zones.

A sustainable solution to the managing the Miyun must incorporate new approaches to
reconciling the needs of both upstream and downstream communities. Beijing should develop
environmental regulations that protect its water source, while also recognizing the economic
needs of upstream communities. The question remaining is how to coordinate these competing
interests and develop a long-term, sustainable solution to managing the Miyun watershed

New Approach: Payment for Environmental Services The payment for environmental
services (PES) management program is a relatively new watershed management model tool that
has the potential to reconcile competing stakeholders interests, as well as providing stronger
incentives for upstream communities to protect critical water sources. Under a PES agreement,
upstream communities receive economic incentives to provide environmental services that are
valuable to downstream areas. Downstream communities pay for these services in an amount that
reflects the value they derive from these services.

Traditional environmental regulations incorporate a ‘polluter pays’ approach to managing
environmental resources. This method is widely popular because it appeals to a universal
sentiment that those who create pollution should bear the responsibility and cost of cleaning it
up. The ‘polluter pays’ model essentially assigns the right to a water body or a resource as
belonging to downstream communities. Pollution is viewed as a ‘negative externality’ that
should be incorporated in to the costs facing polluters. These environmental regulations typically
incorporate a threshold for determining compliance.

By establishing a financial relationship between the providers of environmental services and
their beneficiaries, a PES system harnesses market forces to improve the efficiency of

environmental mitigation and ensure strong enforcement. PES gives downstream users an
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incentive to monitor the environmental services they are purchasing. PES can provide an
incentive for upstream communities to identify and reduce upstream pollution sources. This
approach often results in solutions closer to the problem source, resulting in lower mitigation
costs. These communities can target mitigation opportunities that are lowest in cost, rather than
adhering to rigid universal standards.

The identification of program beneficiaries helps PES support sustainable, long-term
financing and enforcement. While many environmental programs face the constant risk of losing
funding as government revenue fluctuates, PES schemes ensure stable enforcement funding as
long as it is economically justifiable to generate environmental services.

PES can also serve as an effective development tool that aligns economic development with
environmental goals. In many parts of the world, upstream areas are remote from economic and
population centers. Many of these areas are the target of economic development programs
aiming to improve the livelihood of these communities. Payments to upstream communities can
provide jobs or social services to economically depressed communities, while simultaneously
serving the environmental needs of the broader ecological area.

Watersheds serving as drinking water sources for urban populations provide particularly
strong opportunities to use the PES model. Land use and ecological services often have a critical
impact on the quality of water bodies. A variety of ecological services can serve to reduce the
buildup of pollutants in river, reservoirs, and lakes. Ecological services in these reservoirs benefit
a distinct group of beneficiaries — downstream residential communities. Downstream water users
are represented by a single entity that can capture the entirety of the benefits from watershed
management improvements. What would normally be dispersed positive externalities can be
internalized in the cost facing municipal water treatment organizations.

We hypothesize a Payment for Environmental Service program within this watershed can
reconcile the contending interests between the downstream community and the upstream

farmers.

Methods
Study Site The Miyun reservoir is located 70km north of Beijing, China. It has a total area

of approximately 14,871 square kilometers, providing over 1.5 million cubic meters of water a
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day to Beijing (see table 1). The Chinese Academy of Sciences — Key Ecosystems Laboratory
provided lab space while conducting the research in China. Internet access, drivers to and from
the Miyun Catchment, translators and data hard to find in English were provided by the lab.

Our PES model was based upon Stefano Pagiola’s basic framework regarding a successful
payment for environmental service (see figure 4). Both Miyun farmers and Beijing will want to
participate in this relationship if the net benefits to both upstream and downstream users is
greater in a PES scheme than with the current status quo. The reduction in the net costs - the
cost associated with treating polluted water - is associated with a reduction in nutrient runoff.

The total savings to Beijing is the max payment to compensate upstream farmers for providing

this service, cleaner water.
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Figure 4. Chart is adapted from the work of Stefano Pagiola and conveys how a successful PES reduces
environmental degradation, minimizing costs to downstream communities & maximizing benefits to

upstream users

Basic hydrological relationships and data characteristics (see Table 1) of the Miyun

catchment were used to develop a model estimating the impact of sustained fertilizer reductions

over a ten-year period .

Table 1: Data Characteristics of the Miyun Reservoir
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Characteristics of Miyun Watershed Catchment

Total Catchment Area 15,800 km2
Total Population 144,000
Total hectares of cropland 237,000
Average Income per household (USS$) 341
Average income per cropland hectare 775

(US$)

Estimated Phosphorus Concentration in 0.031
Miyun Reservoir [mg/L]

Average Phosphorus Fertilizer $26
Application per hectare (USS$)

Fertilizer efficiency rate 50%
Drinking water production (m® per day) 1,500,000
Average Monthly Treatment Cost (US$) 11,600,000

Pyke and Becker (2004) analyzed several research projects that attempt to estimate the
impact of water quality on water treatment costs. These studies were averaged to provide a linear
relationship between percent in treatment cost and increased levels of total organic carbon (TOC)

in a water body.

(percent change in TOC) = .3756 (percent change in water treatment costs)

Pyke and Becker (2004) provide an equation estimating the relationship between TOC and
total phosphorus (TP) levels in a water body:

[TOC (mg)/L] = (.56) [TP (ug)/L]'63

Crop runoff is estimated to account for 25% of the surface runoff in the Miyun catchment,
despite that fact that agriculture accounts for only 15% of the land in the Miyun (Guo et al.,
2004). The following equation is used to estimate the impact of a sustained change in surface
runoff concentrations on reservoir concentrations over time. This equation is based on the work
of Vollenweider (1968) and other researchers who have attempted to develop simplified
relationships between nutrient runoff in a watershed and nutrient load in a water body. Similar
models were utilized by Wang (2005) Chen (1998) and in previous research on Miyun water
quality.

p. 10
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P+1) = (e-7¢+1))(Lp)/(Fou/V) + Pt

Where:

t = time in years

Fout = Flow out from Miyun Reservoir

V = volume

Lp = “normalized” phosphorus runoff load (grams per sq. meter of reservoir surface)
Pt = average annual phosphorus concentration in the Miyun at the beginning of year t

P@+1) = average annual phosphorus concentration in the Miyun one year after year t

This equation yields the annual phosphorus concentration in the Miyun over time, given a
one-time, permanent change in the phosphorus runoff load. Flow in and flow out are assumed to
be equal, yielding a constant volume in the Miyun®. This model assumes that 20% of fertilizer is
taken up by plants and that of the remaining fertilizer, 80% runs off to surface water bodies in
the catchment. Evaporation levels and ground leaching are treated as zero — phosphorus strongly
bonds to soil and resists losses through these processes (Mason, 1996). This model assumes that
fertilizer reductions applied to all users in the Miyun and that all of them comply with the
reduction requirement. Fertilizer reductions are assumed to result in a 1:1 reduction in crop
revenue, a very conservative estimate, given the reports that farmers in the region are over-
fertilizing their cropland’. To minimize crop loss from fertilizer reductions, we looked at a case
study in Minnesota to provide an estimated cost for implementing a fertilizer efficiency program.
A fertilizer efficiency program aims to improve the crops uptake of chemical nutrients by
educating farmers how to implement better management practices. The result is better crop
yields with less fertilizer. Reducing fertilizer application, combined with a fertilizer efficiency
program, is analyzed with the model. The model evaluated fertilizer reductions ranging from

10%-50%.

* Assumes that flow in equals flow out. This would yield a constant volume over time, which is also assumed in this
model. The simplified model should be further analyzed with hydrological studies to reaffirm this assumption.

> Zhang et al (2003) found that subsidies could be used to reduce fertilizer applications without incurring large

crop losses in the Taihu watershed.
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Results

According to these parameters, general fertilizer reductions can reduce phosphorus
concentrations in the Miyun, but only at a high cost in crop revenue losses. Annual costs to
upstream users range from 140 to 680 million USD, while benefits to downstream users only
reach a maximum of 40 million USD annually. A fertilizer efficiency program could be
incorporated into a PES scheme to reduce the impact of crop losses from fertilizer reductions.
Using research from a fertilizer efficiency program conducted in the Sand Creek Watershed in
Minnesota (USA), fertilizer efficiency could be increased by 40% at a cost of $6-9 per hectare
(Robert Johansson et al., 2004)°. Assuming that a fertilizer efficiency program is instituted as
part of a PES system, crop revenue losses will decrease for each level of fertilizer reductions.
Costs for upstream individuals will now include the cost of the fertilizer efficiency program.

Incorporating a fertilizer efficiency program allows both parties to experience net benefits
under a PES scheme for fertilizer reductions in the Miyun (see Fig 5). Target abatement levels up
to 40% correspond with benefits to downstream users that exceed costs to upstream farmers. At
50% fertilizer reductions, costs to upstream farmers exceed the net benefits downstream users
gain from improved water quality. The net benefit to downstream communities represents the
maximum they would be willing to pay for fertilizer reductions. On a per hectare of cropland
basis, net present benefits equal $38, $58, $78, $98 at each respective fertilizer reduction. At
these rates, payments could be set at an estimated maximum of $3, $4, $6 and $7 for households

with .57 hectares of cropland, estimated as the average land holding in the Miyun (Yuan, 2007).

% While the cost of labor for these programs is less expensive in China, this cost reduction would likely be partially
offset by the increased cost of getting specialized experts to teach and manage the program. Differences in the
fertilizer application methods (mechanization vs. hand applied) will also differ between the case studies and needs
further research. Overall though, the cost of executing a similar program in China is likely less expensive than the
U.S. example, but this paper assumes the maximum in the cost range ($9) provided by Johanson (2004) to be
conservative.

p. 12
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Figure 5. The benefits to downstream water users and the costs to upstream farmers is graphed based upon
the percent reduction in fertilizer application, from 10% to 50%. Benefits for downstream users is shown to
exceed costs to upstream farmers up until 40% abatement, but at 50% reduction costs far exceed net benefits.

These estimate do not include administrative expenses. Both upstream and downstream
parties will likely need to support committees to monitor payments and activities. Assuming
administrative expenses are equal to 20% of the program implementation cost, the PES system
yields net benefits under the fertilizer efficiency scenario (see figure 6). On a per hectare basis,
net benefits are $25, $46, $66 and $87 for fertilizer reductions of 10%, 20%, 30% and 40%,
respectively (see figure 7). At these levels, households with the average land holding would

receive $2, $3, $5, and $6 at each of the respective fertilizer reduction levels.
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Benefits and Costs of Miyun Fertilizer Reductions
w/ Fertilizer Efficiency (10-Year NPV in USD)
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Figure 6. When incorporating a fertilizer efficiency program, the benefits and costs of Miyun fertilizer
reductions were graphed at each abatement level up to 40%. Net benefits for downstream users exceeds the
costs to upstream farmers associated with these reductions. Costs are decreasing as more fertilizer is abated
due to the reduction in fertilizer costs.

Fertilizer Reductions w/ Fertilizer Efficiency
Net Benefits Per Hectare (NPV of Ten-Year Model)
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Figure 7. The estimated net benefits from PES fertilizer reductions (with a fertilizer efficiency program) are
graphed to convey an increasing benefit to Miyun farmers at each increase in fertilizer reduction, from 10 to
40%. Administrative expenses are incorporated in this graph.
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At the 30% and 40% level, the willingness to pay of downstream users exceeds the minimum
payment needed for farmers upstream. Farmers maximize their net income at a 40% abatement
level because benefits to downstream users is maximized (see figure 6), thus increasing the
payment to upstream users. Fertilizer costs are also reduced at each higher abatement level

because less fertilizer is purchased by farmers.

Discussion

Fertilizer reductions appear to be an ideal case for a PES system, as excess fertilizer use is
the primary cause of high nutrient loads in the Miyun. Given the failure of traditional regulatory
methods, economic incentives may be effective at encouraging farmers to adjust the farm
activities that impact water resources. With no system in place to monitor agricultural runoff
from individual farms, ineffective farming practices such as excessive fertilizer use go
unchecked in the Miyun catchment. Using positive economic incentives under a PES will
motivate upstream Miyun farmers to identify and reduce upstream pollution sources. Self-
regulation under a PES will provide solutions closer to the problem and be more cost effective.

The results of this model should be applied with caution, as numerous simplifications were
applied. Variations in weather conditions could significantly increase or reduce the monthly
nutrient loads entering the Miyun. A catchment-wide payment system would generate large
inefficiencies, as fertilizer reductions from farmers located far from water bodies contribute
substantially lower nutrient loads to the Miyun Reservoir. Specific analysis of the water
treatment procedures used at the Miyun would provide more accurate cost estimates.

Despite necessary simplifications, modeling fertilizer reductions in the Miyun catchment
suggests that there is an opportunity to use a PES system to support fertilizer reductions that can
be financially beneficial for both upstream and downstream communities. Ecohydrological
research on the Miyun can identify specific areas that are particularly vulnerable to erosion,
allowing upstream communities to better target their effort at reducing agriculture runoff. Access
to more sophisticated hydrological research on the Miyun could provide greater insight into the
benefits and costs associated with upstream activities in the Miyun.

Setting a price near the maximum willingness to pay of downstream entities could better
serve the development needs of upstream communities. Using the higher target level (40%) in

the PES scheme would result in a net increase in income for upstream farmers, allowing these
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Miyun communities to address some of their development needs — such as improved education
services, more efficient agricultural technology (drip irrigation systems), providing capital
toward developing environmentally-friendly industries, or serving to increase household
consumption.

Challenges for PES in China While PES involves market-based ecological services
transactions, oversight from local government agencies is important to establish enforceable
agreements between parties. Government involvement is helpful in addressing three issues:
limiting opportunities for upstream or downstream parties to abuse one another, increasing
coordination between jurisdictions, and addressing some of the high up-front costs associated
with establishing new institutions and PES services. Government intervention is helpful to
establishing agreements, however excessive government control can serve to weaken the user-
beneficiary link.

Small PES projects can face high transaction costs in the form of monitoring environmental
outcomes, negotiating agreements and managing program activities. The cost of these activities
should be included in the program’s financial assessment and carefully assigned to avoid future
conflict over the cost of program management.

PES systems can provide payments to upstream communities or to upstream individuals
directly, providing positive economic incentives for self regulation. Paying individuals can result
in the highest economic efficiency, because it ensures that only individuals who can provide
environmental services at a low cost will participate. However, establishing contracts with each
individual household results in high transaction costs. Some of these transaction costs can be
avoided by paying communities, although payment to communities may result in compulsory
participations from households who will incur high costs, such as high crop losses. Community
payments may help encourage greater compliance in upstream communities by creating social
pressure on farmers to comply.

Despite its many advantages, payment for environmental services faces the challenge of
linking benefits to ecological services. Simplified relationships between the cause of non-point
source pollution and its impact are difficult to establish, as ecohydrology provides few easy
answers to understanding the link between land use, runoff and water contamination. Non-point
source pollutants often have complex transport flows involving numerous land and

environmental characteristics. A range of factors affect the concentration of agricultural
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pollutants in a water body and these factors are often unique to each water body. Accordingly, it
can be difficult to assign monetary values to ecological services. Additional ecohydrologic
studies are necessary to determine the actual impact of water quality from different areas and
land uses. Modeling fertilizer reductions suggests that there is an opportunity to use a PES
scheme for reductions that could be financially beneficial for both upstream and downstream
communities. However, complex hydrological relationships require the use of sophisticated
modeling techniques to determine more precise relationships between upstream activities and
Miyun water quality. The use of hydrological models may reveal specific areas that are
particularly vulnerable to erosion, allowing upstream communities to better target their effort at
reducing agriculture runoff.

The Miyun still presents a strong opportunity to establish a local PES scheme that meets the
development needs of rural upstream residents and the water needs of urban downstream
communities in the Beijing Municipality. With 144,000 residents within the catchment and over
20 million residents in Beijing, the successful implementation of a payment for environmental
service will better serve both downstream and upstream water users and protect one of China’s

most crucial water sources from eutrophication.
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