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Abstract 
The Mekong River is the dominant geo-hydrological structure in mainland Southeast Asia.  
About 75 million people, mostly farmers and fishermen, depend on its natural resources for 
rice and fish production. However, the ecosystem and its services, on which the development 
of the basin depends, face growing challenges: seasonal flooding and water shortages in the 
dry season, continuing development of hydropower dams, salinity intrusion in the Delta, 
siltation of some of the river reaches, and growing water pollution from agricultural chemicals 
and industrial wastes adversely affect the sustainable development of the basin.  Sound water 
policies will be necessary to sustain current basin ecosystem services through balancing 
complex and often competing demands for water, including the instream uses of hydropower, 
navigation, wetlands, fisheries, and maintenance of ecosystems versus the off-stream uses of 
irrigation, livestock, and household and industrial uses. The paper presents a simplified 
methodology and application to incorporate environmental water values for fisheries and 
wetlands into an integrated economic-hydrologic river basin model to analyze alternative 
water -using strategies and their implications on riparian countries and water uses.  The paper 
concludes with thoughts on how to improve the representation of environmental water uses in 
such a modeling framework.   
 
 
 
 

Paper prepared for the workshop on ‘Integrating Environmental Impacts into Water 
Allocation Models of the Mekong River Basin’ in Ho Chi Minh City, 15 December, 2003. 
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1. INTRODUCTION 
 
The Mekong River is the dominant geo-hydrological structure in mainland Southeast Asia.  
About 75 million people, mostly farmers and fishermen, depend on its natural resources for rice 
and fish production.  However, the character of the Mekong River, the livelihoods of people 
dependent on its waters, and the services provided by water-fed ecosystems are rapidly changing.  
There are many growing and potentially conflicting demands on Mekong River water and land 
resources – including demands for irrigated agriculture, hydropower production, capture fisheries 
and aquaculture, domestic and industrial water uses, and the sustenance of the basin ecosystems 
including some of the richest biodiversity in Asia.  Wise use of land and water resources offers 
the potential to help lift many people out of poverty, but haphazard development is likely to 
exacerbate inequities, and threaten important ecosystems and the services they provide.   
 
Effective water policies are required to deal with growing, complex and often competing 
demands for water, including the instream uses of hydropower, navigation, wetlands, fisheries, 
and maintenance of ecosystems versus the off-stream uses of irrigation, livestock, and household 
and industrial uses.  Finally, environmental water uses need to be documented and valued 
appropriately in order to form an integral part of lower Mekong basin water resource 
management as stipulated in the 1995 “Agreement on the Cooperation for the Sustainable 
Development of the Mekong River Basin,” signed between the Governments of Cambodia, Lao 
People’s Democratic Republic, Thailand, and Viet Nam.   
 
The paper provides a short overview on valuation techniques for environmental water uses. This 
is followed by an introduction to the environmental water uses of wetlands and fisheries ,which 
are of particular importance to the people in the lower Mekong River Basin.  The fourth section 
introduces an aggregate, integrated economic-hydrologic river basin model that incorporates 
simplified functional forms for fisheries and wetland water uses in addition to hydropower, and 
irrigation and domestic-industrial uses in an integrated modeling framework.  The fifth section 
presents some results from the integrated modeling framework.  The final section concludes with 
some ideas on how environmental use values can be better integrated into such an analysis. 
 
 
2. VALUATION TECHNIQUES FOR ENVIRONMENTAL WATER USES 
 
Environmental water uses form part of instream water uses, and include direct use values for 
fishing or wetland harvests, as well as ecological function values, like waste dilution, water 
storage, flood control, and ecological diversity.  Water supplies have typically been allocated 
without regard for instream uses; only water rights to instream hydropower production and 
navigation have been recognized in the past.  Benefits from environmental instream uses were 
considered as not tangible and without direct financial returns and thus could not obtain priority 
rights.  
 
However, many studies, mostly carried out in the United States, have since shown that in 
addition to direct instream water use values, people do perceive option, existence, and bequest 
values, which can be sizable, particularly for unusual sites (Brown 1991; Gibbons 1986).   
 
In general, there is little direct market-price evidence on consumer’s willingness to pay for 
environmental water uses.  Therefore, values are often inferred based on the revealed or stated 
preference approach.  Revealed preference methods involve imputing implicit prices for (1) 
access to a resource, in terms of expenditures incurred by individuals in utilizing the resource or 
for (2) characteristics of a resource, such as water quality.  The travel cost method (TCM) is the 
most widely used method among the revealed preference techniques and is typically applied to 
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assess the value of water quality and recreation-based benefits.  The water value is estimated by 
regressing the intensity of use of a specific source or sources, as measured by the number of trips 
made to recreation sites, water wells, pumps, or other outside sources, against the transportation 
costs required to use the source.  The contingent valuation method (CVM), the most well-known 
stated preference technique, elicits direct responses of potential users to structured survey 
questions regarding the amount they are willing to pay for water services or for specified 
hypothetical changes in the quality or quantity of goods or services.  Carson et al. (1997) report 
that almost 2,000 studies using contingent valuation of natural resources have been carried out.  
 
The averting behavior or cost method has been used to value water or environmental quality 
more generally.  This method relies on the fact that in some cases purchased inputs can be used 
to mitigate negative environmental effects.  For example, water users can take actions to avoid 
drinking polluted groundwater or mitigate the health effects of poor quality water. Given that 
purchased inputs can be used to compensate for the effects of pollution or changes in water 
quality, the value of a change in pollution can be measured by the value of the inputs used to 
compensate for these quality changes (Cropper and Oates 1992; Lee and Moffit 1993).  
 
According to Pearce and Turner (1990), market prices have been used to value natural wetlands 
as a habitat for commercially harvested fish and animal species, with values ranging from 
US$0.12 (1981 prices) to US$10.26 (1983 prices) per hectare per year for shellfish and fish 
output in U.S. coastal marshes. In addition, wildlife and visual-cultural benefits of wetlands were 
estimated using market land prices as indications of the opportunity cost of wetland preservation. 
These benefits were derived from the prices paid by public agencies to purchase wetlands for 
conservation purposes. Based on purchases of more than 3,000 ha by public agencies, a value of 
US$486 per ha was determined as representative of the capitalized value of wildlife benefits 
from the highest quality land. The analysis underestimates total net benefits, as consumer surplus 
was not estimated. Finally, the indirect benefit of a wetland as municipal water supply source has 
been estimated at US$2,446 per ha per year for the Charles River wetlands in Massachusetts. 
 
According to Brown (1991) a series of studies carried out in the U.S. using the CVM and TCM 
methods yielded marginal values of instream flows during times of low flow ranging from 
US$0.8 to US$20.3 per 1,000 m3. Values were highest in smaller rivers and more heavily used 
rivers. Moreover, during periods of low flow, the value of instream flow was often greater than 
the marginal value of irrigation water. The author remarks that the total value of instream flows 
can be very high, as values reported for individual recreation activities and values determined at 
different river reaches are additive, and as instream uses can also benefit hydropower production 
and downstream water withdrawals.  
 
However, despite an increased recognition of the value of instream water uses, it is often difficult 
to determine the level of flow required to protect the instream value of interest as well as the 
cost/benefit tradeoff of preserving that instream value versus traditional off-stream water uses 
(McKinney and Taylor 1988).  Espegren (1998) reports that ideally, streamflow requirements 
need to take into account both “in-channel” and “over-bank” flow requirements. In-channel 
requirements include the (1) quantification of channel-forming/channel maintenance flows; (2) 
the integration of water quantity, quality, and water temperature; and (3) flows for recreational 
purposes. Over-bank flow requirements relate to a holistic ecosystem management approach that 
recognizes the importance of appropriating flows to maintain riparian and side-channel habitats 
that sustain avian and mammalian species living along the stream corridor.1  
 
Espegren (1998) also provides an overview on typical instream flow quantification techniques 
that can be classified into standard setting methodologies and incremental methodologies. More 
                                                 
1 These indicators were suggested by the Instream Flow Subcommittee of the Colorado Water 

Conservation Board (see Espegren 1998). 
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recently, so-called holistic approaches have been applied. The first group of methodologies 
identifies minimum flow levels that are required to protect certain instream flow values of 
interest. They can be further categorized into non-field and habitat retention methods. Non-field 
methods are those that derive instream flow recommendations from historic streamflow records 
rather than on-site field data. The Tennant/Montana method is an example of a non-field, 
standard setting methodology that determines instream flow recommendations based on 
maintaining a predefined percentage of mean annual flow (Tennant 1976). This method may be 
an appropriate methodology for developing instream flow recommendations on low priority 
stream segments or to check on the reliability of other flow recommendations.  For habitat 
retention methodologies, like the R2CROSS and wetted perimeter methods, habitat requirements 
of the aquatic species in question need to be expressed in terms of hydraulic parameters, like 
wetted perimeter, velocity, and water depth.  Instream flow targets are then developed based on 
the relationship between stream discharge and indices of fish habitat to preserve a specified 
amount of aquatic habitat.  
 
In contrast, incremental methodologies, like the IFIM/PHABSIM (Instream Flow Incremental 
Methodology/Physical Habitat Simulation Model) couple very extensive sets of hydraulic field 
data with biologic information on various life stages of selected aquatic species to evaluate 
habitat impacts relative to incremental changes in streamflow.  IFIM is applied to evaluate the 
suitability of different river flows for a range of uses, including recreational uses and the 
freshwater ecology.  PHABSIM is used for ecological modeling to predict the change in the 
physical habitat for an incremental change in discharge for a particular freshwater species and 
life stage.  In addition to being very data-intensive, the development of site-specific habitat 
suitability curves can also be very costly.2 The incremental flow methodology is typically 
recommended for controversial stream segments with high water development potential, for fish 
species that depend on stream habitats other than riffles, and for developing recommendations for 
instream values other than fish.  Finally, holistic approaches to the assessment of instream flows 
attempt to address all components of the ecosystem and their interrelationships through a 
combination of various methods, including expert panel assessments and community 
participation. 
 
Denslinger et al. (1998) present an application of IFIM together with the development of habitat 
criteria for selected study sites in Maryland and Pennsylvania.  The effects of withdrawals and 
pass-by flows on physical micro-habitat and flow availability for additional withdrawals are 
estimated, including long-term effects. Gustard and Elliott (1997) report that the 
IFIM/PHABSIM methodology has been applied at 65 study sites on more than 35 rivers in the 
United Kingdom.  Hughes, O’Keeffe, and King (1997) report on a holistic approach to determine 
instream flows based on the Building Block Methodology.  This technique aims at identifying 
different blocks of the natural flow regime of a river, which are ecologically most significant and 
builds these into a skeleton of the natural flow regime.  One Incremental Flow Requirement 
(IFR) is determined for each building block.  A multi-disciplinary team of specialists then defines 
the volume of water that should remain in the river, incorporating the variability that is 
considered essential for the maintenance of the natural biota and ecological processes. A model 
can then be developed that simulates the operation of planned infrastructure development based 
on the IFR requirements.  
 
Brown (1991) suggests that while full virgin flows at any given time are not detrimental to fish 
habitat; they are not necessarily required for satisfying multicriterion instream needs.  Flow 
recommendations for instream uses can vary significantly depending on the physical 
characteristics of the river in question as well as on the existing instream uses.  

                                                 
2 Stalnaker et al. (1995), cited in Espegren (1998), estimate the cost of IFIM studies on single river 

segments to be around US$45,000.  
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Studies have shown, for example, that the marginal value of instream flow for fish habitat 
gradually drops as flow reaches its maximum.  The principle of diminishing marginal returns to 
flow can apply at any one time, or over the entire year assuming a favorable time distribution of 
flows within the year.  Nehring (1988, cited in Brown 1991) reports for the case of the Colorado 
River that unusually high natural flows can lower fish populations as the young fish tend to be 
washed downstream. For this situation positive, followed by negative marginal returns to flow 
apply.  In the Mekong River Basin, on the other hand, the length of the flooding season has been 
associated with increased fish production. 3  
 
According to Castleberry et al. (1996, cited in Espegren 1998), instream flow standards should be 
based on “adaptive management,” which includes (1) setting conservative interim flow standards 
based on current methodologies; (2) monitoring the adequacy of the instream standards; and (3) 
revising the interim flow standards as necessary.  
 
 
3. ENVIRONMENTAL WATER MANAGEMENT AND USES IN THE MEKONG 

RIVER BASIN 
 
3.1. Fisheries 
 
The fisheries sector is of particular importance in the Mekong River Basin.  The basin supports 
an estimated 1,200-2,000 species of fish, including numerous migratory and endemic fish 
species.  The highly complex aquatic ecosystem and the extremely high levels of biodiversity in 
the Mekong River Basin have been attributed, in part, to the variation of dry and wet seasons, the 
water quality in the Mekong, and the unhindered migration of species from the spawning sites in 
the flood plains of Lake Tonle Sap and other flooded areas into the Mekong and its tributaries.  
Capture fisheries production in the lower Mekong basin has been estimated at between 775,000 
and 1,000,000 tons per year (not including fish culture), valued at between US$800-1,350 million 
(Friedrich 2000; Kristensen 2000; van Zalinge, Thuok, and Tana 1998; Schouten 1998) (Table 
2).  Capture fishery production is most important in Cambodia, where inland fisheries alone are 
estimated to yield about 400,000 tons, valued at US$220-250 million at farmgate prices during 
the late 1990s. Other estimates indicate values of US$130-200 million, also based on landing site 
prices. Designated areas in rivers and particularly in Tonle Sap are auctioned off as fishing lots 
for large-scale fishing, while licenses are issued for operating commercial fishing gears in open 
areas in the lakes and rivers.  In 1996, revenue from auction of fishing lots yielded US$4.5 
million.  There are about 280 licensed lots in Cambodia, auctioned every two years—a number 
slightly lower than the 300 lots reported to be operating during the 1960s.  Total value added to 
fish could increase markedly, if quality management and marketing efficiency would improve 
(Cambodian Department of Fisheries 1999; van Zalinge, Thuok, and Tana 1998). 
 
Fisheries also constitute an important source of employment, and family-scale fishing and rice 
field fisheries account for about 60 percent of the entire catch.  Gregory and Guttman (2000) 
collected aquatic animals from rice field fisheries for a study on the yield and biodiversity of 
aquatic species.  The rice field standing stock at the end of the 1997 wet season ranged from 25-
95 kg/ha, with a weighted average of 51 kg/ha.  This does not take into account those animals, 
which had been harvested from the field before, nor animals missed in the collection exercise.  
Based on these results, the overall yield of edible aquatic animals in Cambodia from lowland rice 
production was estimated at 100,000 mt.  
Fish production of middle-scale and family fisheries more than tripled since the 1960s, whereas 
the catch of large-scale fisheries appears to have been stable.  In some areas experiencing high 

                                                 
3 J. Jensen, Head MRCS Fisheries Programme, Personal communication, April 2000; see also Section 4.2. 
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(often government-induced) in-migration, unsustainable fishing practices have been observed.  
Moreover, the steady loss of forest cover has likely had negative effects on the overall 
sustainability of fisheries.  Over-fishing is the probable cause of the disappearance of several 
large fish species.  However, the decline in catch of larger fish has been compensated by 
increased catch of smaller fish, a trend that might be unsustainable over time (Department of 
Fisheries 1999; van Zalinge, Thuok, and Tana 1998; Jensen 1999 [personal communication]).  
Freshwater aquaculture is increasing in importance in Mekong Basin countries, particularly in the 
Mekong Delta, with Vietnamese culture of 247,000 metric tons and Cambodian culture of 15,000 
tons (1998 values) (Cambodian Department of Fisheries 1999; Viet Nam SPH). 
 
Effects of dams on reservoir and downstream fisheries are mixed.  Studies on fish production in 
Nam Ngum reservoir indicate that initial catch was low due to water quality problems from 
inadequate removal of vegetation before impoundment.  Since then fishery activities proliferated. 
The value of reservoir fishing yield—only registered trade—at Nam Ngum was estimated at 
US$0.8 million in 1997.  The annual minimum fishing yield is estimated at 32.6 kg/ha at full 
reservoir supply level. Some species that had been recorded in Nam Ngum River before dam 
closure have not been observed anymore and other (migratory) or ‘swift-current’ species have 
not been able to establish reservoir populations.  The dissolved oxygen (DO) levels of water 
released from Nam Ngum reservoir are unfavorable for aquatic life most of the year (below 5 
mg/l). Stratification of reservoir water into a low water quality bottom layer (hypolimnion) and a 
separate surface layer (epilimnion) can be expected for all reservoirs with a depth of more than 
12 m and release of reservoir water with low DO levels from the hypolimnion is likely in all 
reservoirs with a drawdown of more than 10 meters a year and without variable-level intakes. As 
a result, the six additional reservoirs planned upstream from Nam Ngum might actually wipe out 
current fish yields in Nam Ngum reservoir (Schouten 1998).  
 
3.2. Wetlands 
 
There are several definitions for the term wetland.  According to the Ramsar Convention of 1971, 
wetlands are “areas of marsh, fen, peatland or water, whether natural or artificial, permanent or 
temporary, with water that is static, flowing, fresh, brackish or salt, including areas of marine 
water, the depth of which at low tide does not exceed six metres.”  The major wetland types can 
be classified into saltwater, freshwater and man-made wetlands.  Saltwater wetlands include 
marine, estuarine, lagoonal, and saline wetlands; freshwater wetlands include riverine, lacustrine, 
and palustrine (marshes, swamps) wetlands; and man-made wetlands can be classified as 
aquaculture/mariculture, agriculture, salt exploitation, urban/industrial, and water storage areas. 
Wetlands have a wide range of functions, uses, and attributes.  Primary wetland functions include 
water supply, directly or through replenishing aquifers, flow control, mainly for flood control, 
prevention of saline water intrusion in coastal areas into both surface and groundwater, shoreline 
protection, erosion control, windbreak, sediment retention, nutrient retention, toxicant removal, 
and water transport.  Important on-site wetland products include animal, plant, and mineral 
products, like fish, timber and peat for fuel and construction, and water spinach; and off-site 
products, which are produced by the wetlands but migrate or are transported to other sites, in 
particular dissolved nutrients, migratory fish, and birds. 
 
Other wetland benefits include their use as gene bank for commercial exploitation and 
maintenance of wildlife populations, and significant habitat for the life cycle of important plants 
and animal species that might be threatened by extinction.  Wetlands also contribute to the 
maintenance of existing processes and natural systems, for example, floodplains, assure the 
maintenance of microclimates, and can prevent the development of acid sulfate soils.  Finally, 
some wetland attributes invite for recreation and tourism, have aesthetic significance, or are 
associated with religious and spiritual beliefs and activities.  Thus, natural wetlands are among 
the most productive ecosystems in existence and benefits from wetland products are often 
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considerably higher per unit area, than are available from any other land uses (Davies and 
Claridge 1993).  
 
All of these uses are present in some form in the Mekong River Basin.  Moreover, the concept of 
wetlands in Southeast Asia is very broad.  According to Petersen (1991, cited in MRCS 1998) 
“the wetland in Southeast Asia is under intense and extensive use by the local inhabitants… In 
the lower Mekong basin nearly all wetlands are already being heavily used for a vast variety of 
purposes. There are no unused wetlands. There are no waste areas. … In addition, wetland 
wildlife such as fish, snakes, turtles, insects, rats are an important but yet unquantified source of 
food for many people. For this reason the wetlands of the lower Mekong basin should be referred 
to as the “edible” wetlands.” 
 
Wetlands are estimated to cover about 36,500 km2 in Cambodia and 590-21,800 km2 in Lao PDR 
(Table 3).  According to MRC (1997) there are 11 wetland areas in Northeast Thailand, and two 
small areas in Viet Nam’s Central Highlands.  Moreover, the entire Mekong Delta can be 
considered a wetland area, including the floodplain between the Mekong and the Bassac, the 
Plain of Reeds, the Ha Tien open floodplain, the Melaleuca forests, and the tidal floodplain. 
However, estimates for wetland areas in the region vary substantially.  The Tonle Sap is situated 
at the upper end of the huge floodplain of the Mekong that extends over 70,000 km2 during the 
wet season, when thousands of square kilometers of floodplain forests are submerged in one of 
the most productive seasonal aquatic habitats in the world (Rainboth 1996).  However, it has 
been estimated that the area of flooded forests has been reduced from approximately 10,000 km 2 
to about 362 km2 of flooded and 157 km2 of degraded forest and associated vegetation types 
(UNEP/MRC 1997).  Wetlands and mangrove forests in the Mekong Delta form a buffer between 
sea and land; trap river-borne sediment brought with floods; have a primary function in soil 
conservation and coastal protection; provide a habitat for flora and fauna; serve as spawning and 
nursing grounds for fish; and provide important wintering areas for migratory birds. However, 
the delta’s mangrove and inland forests have dwindled to a mere 0.2 million ha (NEDECO 
1993).  In the delta and elsewhere, wetland trees are cut for fuelwood, charcoal, and construction 
material. Mangrove forests have been converted to agricultural areas and shrimp production, and 
have been lost to drainage activities and excavation works for canals (MRC 1997).  
 
Only few of the numerous wetland benefits in the Mekong River Basin have been quantified. 
Choowaew (1993), citing Hargeby (1991), reports that approximately 60,000 kip per month (or 
US$83) can be derived from water spinach harvesting from an area of 2,250 m2 at Nong Chanh 
marsh in Lao PDR and vendors of these and other wetland plant species earn US$7-11 daily, on 
average.  The total annual income from this 12-ha wetland has been estimated at US$21,000, of 
which US$9,000 can be attributed to income from fisheries (MRCS 1998).  A fish harvest of 108 
mt can be obtained from fishponds and paddy fields on the perimeter of the That 
Luang/Salakham swamp, Lao PDR (Choowaew 1993, based on Roger 1992).  Moreover, this 
swamp has been shown to reduce nitrogen loads from 1.082 mg/l at the inlet to 0.409 mg/l at the 
outlet, as well as phosphorus levels (Bandavong 1991).  Chandrachai et al. (1991, cited in 
Choowaew 1993) report on the role of wetlands in maintaining water quality by trapping 
suspended sediment and by reducing sediment loads in the Huai Nam Un, a branch of the 
Songkhram tributary of the Mekong.  This and other information indicates that natural and semi-
natural wetlands in the region can replace costly wastewater treatment units for small, non-
industrial communities when managed appropriately.  
 
The potential of significant environmental pollution following conversion of Melaleuca forests to 
agricultural production in the Mekong Delta shows their important role in containing acid sulfate 
soils.  When acid sulfate soils are re-claimed for agricultural production, toxic substances, mainly 
aluminum, iron, and sulfate concentrations, need to be leached into the environment to achieve 
accept-able soil quality and crop yields, at quantities that often by far exceed the toxicity 
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threshold level for fish, plant roots, and humans. To dilute these toxic substances to acceptable 
levels, approximately 15,000 m3 of freshwater would be required for each hectare of reclaimed 
acid sulfate soils to plant upland crops. As water flows from the Mekong are not adequate to 
provide this amount of water, particularly during the months of June and July, leaching of newly 
reclaimed soils during this period can lead to ‘acid shocks’ for plants and animals (Minh et al. 
1997).  Although the Cambodian flood plains have hardly been developed so far, natural 
Melaleuca forests are cleared at alarming rates by local farmers and refugees who are settling in 
the area. Exposition of the acid subsoil—estimated at between 30,000-450,000 ha in this area—
for intensive rice production could result in similar problems in Cambodia in addition to adverse 
effects from polluted water flows downstream in the Vietnamese Mekong Delta (MRC 1998). 
 
3.3. Management of Environmental Water Uses in the Lower Mekong River Basin  
 
All Mekong River riparians have a series of ministries in place to coordinate water resources and 
environmental management in their respective basin areas.  However, water and environmental 
legislation are relatively recent, and the political will and institutions to enforce sustainable 
environmental management have yet to be fully established.  
 
In addition, the Mekong River Commission (MRC), which operates under the “1995 Agreement 
on the Cooperation for the Sustainable Development of the Mekong River Basin,” coordinates 
with the four lower Mekong riparian countries through National Mekong Committees on 
environmental issues that transcend boundaries (basin-wide).  The MRC is the only inter-
governmental organization that has been formally established by the four lower riparian countries 
themselves to manage water and related resources in the Mekong; and it is the only regional 
organization with the legal authority to take specific actions towards basin-related water 
management.  The 1995 Agreement has several provisions related to environmental water uses  
(see Box).   
 

Box - Articles in the 1995 Agreement related to Environmental Management 
 
Article 3. Protection of the Environment and Ecological Balance  
To protect the environment, natural resources, aquatic life and conditions, and ecological 
balance of the Mekong River Basin from pollution or other harmful effects resulting from 
any development plans and uses of water and related resources in the Basin. 
 
Article 6. Maintenance of Flows on the Mainstream  
To cooperate in the maintenance of the flows on the mainstream from diversions, storage 
releases, or other actions of a permanent nature; except in the cases of historically severe 
droughts and/or floods:  
  A. Of not less than the acceptable minimum monthly natural flow during each month of 

the dry season; 
  B. To enable the acceptable natural reverse flow of the Tonle Sap to take place during 

the wet season; and, 
  C. To prevent average daily peak flows greater than what naturally occur on the average 

during the flood season. […] 
 
Article 7. Prevention and Cessation of Harmful Effects  
To make every effort to avoid, minimize and mitigate harmful effects that might occur to 
the environment, especially the water quantity and quality, the aquatic (eco-system) 
conditions, and ecological balance of the river system, from the development and use of 
the Mekong River Basin water resources or discharge of wastes and return flows. […] 
 
Source: Agreement on the Cooperation for the Sustainable Development of the Mekong River 
Basin.  
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The 1995 Agreement was reached following a long process, drawn out through a series of 
sensitive issues, including environmental water flows.  For example, the Agreement requires 
MRC member countries to maintain minimum natural flows in the Mekong River during each 
month of the dry season, and to enable the acceptable natural reverse flow of the Tonle Sap 
during the wet season.  However, no agreement on the formula to calculate the minimum 
monthly natural flow (for example, monthly average or minimum daily flow in a month) could 
be reached.  Progress on the development of water allocation mechanisms, including for 
environmental water uses, remained slow following the signing of the 1995 framework 
agreement.4   
 
The World Bank/GEF (Global Environment Facility) Water Utilization Program project, which 
started in 2000,5 has helped change this situation.  A first set of agreements was signed in 
November of 2003, on the Procedures for Notification, Prior Consultation and Agreement, and 
on the Procedures for Water Use Monitoring.  The notification procedures require MRC member 
countries to alert each other on planned river development that could significantly affect their 
neighbors, and to provide information, including technical specifications and environmental 
assessments.  The new agreements provide a definition of water use, covering uses of the 
Mekong "which may have a significant impact to the water quality or flows regime of the 
mainstream of the Mekong," and pave the way for the countries to agree over the next two years 
on rules for the maintenance of flow on the mainstream and water quality guidelines (for more 
details, see www.mrcmekong.org). 
 
 
4. INTEGRATED ECONOMIC-HYDROLOGIC RIVER BASIN MODEL 
 
4.1. Introduction  
 
The two principal approaches to river basin modeling are simulation—to simulate water 
resources behavior based on a set of rules governing water allocation and infrastructure 
operation; and optimization—to optimize allocation based on an objective function and 
accompanying constraints.  An overview on models developed for the MRB can be found in 
Ringler (2001).  
 
The model developed here draws on previous economic -hydrologic modeling carried out at the 
International Food Policy Research Institute, in particular, for the Maipo River Basin in Chile 
(Rosegrant et al., 2000).  It includes hydrologic, agronomic, and economic components, with a 
focus on the economic component. The model is highly aggregated with country/regional-level 
water supply and demand, and economic benefit functions and solves for optimal water 
allocation at the bas in level subject to a series of physical, system control, and optional policy 
constraints. The optimal allocation of water across water-using sectors is determined on the basis 
of the economic value of water in alternative uses. 
 

                                                 
4 In 1996, the MRC Council could not reach agreement on the terms of references for the Rules for Water 

Utilization. Whereas Viet Nam insisted on including water quality aspects into the formula for 
establishing minimum dry-season flows, Thailand feared that the inclusion of water quality (read 
saltwater intrusion in the Mekong Delta) could lead to higher minimum dry-season flows for Viet Nam 
than were acceptable to Thailand. As a result, the Sub-Committee was split into a Sub-Committee on 
Water Quantity and Water Quality, respectively. 

5 In February of 2000, a seven-year, US$11-million GEF grant has been approved by the World Bank's 
Board of Executive Directors. The goal of the so-called Water Utilization Project is “to support the MRC 
in developing an integrated and comprehensive Basin hydrologic modeling package and a functional and 
integrated knowledge base on water and related resources and use these tools … [to]… establish 
guidelines for water utilization and ecological protection, primarily the sensitive ecological systems 
including wetlands and flooded forests.” (World Bank 2000). 
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The model framework takes into account the sectoral structure of water users (agriculture, 
industry, hydropower, households, and the environment), and the location of water-using 
countries and regions. This allows the assessment of interactions and tradeoffs and intersectoral 
competition for water resources among the various sectors and countries. Moreover, the model 
framework can be used to analyze alternative policy options and strategies for water allocation 
and use and their implications on the basin economy.  
 
The model focus is on the water economy of the lower MRB—the major beneficiary of Mekong 
waters.  However, the entire basin was modeled and upstream riparians are included to the extent 
necessary for the analysis.  The river basin model is developed as a node-link network,  which is 
an abstracted representation of the spatial relationships between the physical entities in the river 
basin. Nodes represent river reaches, reservoirs, and demand sites, and links represent the linkage 
between these entities (Figure 1).  Inflows to these nodes include water flows from the 
headwaters of the river basin, as well as local rainfall drainage.  Flow balances are calculated for 
each node at each time period, and flow transport in the basin is calculated based on the spatial 
linkages in the river basin network.  For modeling purposes, the Mekong basin is subdivided into 
seven aggregate spatial demand site units based on geographic/administrative boundaries, one for 
Yunnan Province, China; one for Laos; two for Thailand (Northern Thailand and Northeast 
Thailand); one for Cambodia; and two for Viet Nam (Central Highlands and Mekong Delta) 
(Figure 1, Table 1).  The model incorporates both off-stream and instream water uses.  Off-
stream uses include water diversion for irrigated agriculture, and domestic and industrial water 
uses.  Instream uses include flows for hydropower generation, fish production, wetlands, 
navigation; and minimum flows for the maintenance of the river ecology and to control saltwater 
intrusion into the Mekong Delta.  A number of aggregate demand sites for these water uses are 
connected to the seven spatial units in the river basin network.  Agricultural demand sites are 
delineated according to the size of irrigated areas and administrative boundaries.  Nodes for 
urban-industrial demand sites are connected to the basin network at the major urban centers. 
Reservoirs are aggregated for either power production or irrigation/urban-industrial water 
supplies. Water demand sites for fish production are connected to all spatial units with the 
exception of the Central Highlands area, Vietnam, where freshwater capture fisheries plays a 
minor role. Wetland demand sites are established for Cambodia, Laos, Northeast Thailand, and 
the Vietnamese Mekong Delta.  Minimum instream flows for the environment and navigation, 
and minimum outflows to combat saltwater intrusion in the Mekong Delta are incorporated as 
constraints.  
 
Thematically, the modeling framework includes three components: (1) hydrologic components, 
including the water balance in reservoirs, river reaches, and crop fields; (2) economic 
components, including the calculation of benefits from water use by sector, demand site, and 
country; and (3) institutional rules and economic incentives that impact upon the hydrologic and 
economic components.  Figure 2 presents an overview of the model structure.  Water supply is 
determined through the hydrologic water balance in the river system; while water demand is 
determined endogenously within the model based on functional relationships between water and 
productive uses in irrigated agriculture, domestic -industrial areas, wetlands, fisheries, and 
hydropower.  Water supply and demand are balanced based on the objective of maximizing 
economic benefits to water use.  
 
Thus, the river basin model provides a description of the underlying physical processes and the 
institutions and rules that govern the balance of flows, the flow regulation through surface water, 
and the water allocation to both off- and instream demand sites.  The time horizon of the model is 
one year with 12 periods (months).  In the following, the hydrologic and economic components 
are described in more detail. 
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4.2. Model Components 
 
Hydrologic Component 
Major hydrologic relations and processes, which are based on the flow network,  include: (1) flow 
transport and balance from river outlets/reservoirs to crop fields or urban-industrial demand sites; 
(2) return flows from irrigated areas and urban-industrial areas; (3) evapotranspiration from crop 
fields; (4) reservoir releases; and (5) instream water uses.  The rainfall-runoff process is not 
included in the model. It is assumed that runoff starts from rivers and reservoirs. Effective 
rainfall for crop production is calculated outside of the model, and included into the model as a 
constant parameter. 
 
The basic flow balance at a node in the basin network is calculated as: 
 

    flow_downstream = flow_upstream + local_drainage +        (1) 
                                    return_flows - withdrawals – (evaporation) losses 

 
Economic Component 
The objective function of the model is formulated as:  

 
 

              (2) 
 
 
 

where: 
VA   net profit from irrigation, across demand sites 
VM  net benefit from M&I water uses  
VP   net profit from power production 
VW  net benefit from wetlands  
VF   net profit from fish production 
 
 
The crop yield function relates water and crop yield outcomes, and forms part of the irrigation 
profit function.  It is specified for each crop, cp, and demand site, ag, as: 
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where: 
ya  actual yield (mt/ha)  
ym  maximum yield (mt/ha) 
ET a  seasonal actual evapotranspiration (mm) 
ETm  seasonal potential evapotranspiration (mm) 
ky  seasonal crop yield response coefficient 
 
The function for profits from irrigation (VA) is specified by irrigation demand site as follows: 
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where: 
A  crop area (ha)  
p  crop price (US$/mt) 
fc  fertilizer input cost (US$/ha), by demand site and crop  
mc  machinery cost (US$/ha)  
lc  labor cost (US$/ha)  
ic  irrigation cost (US$/ha) 
oc  other production costs (US$/ha) 
w_ca  water supply cost (US$/m3) 
Ina  monthly withdrawals for irrigation (million m3) at off-takes 
 
The net benefit function for M&I water uses (VM) is derived from an inverse demand function 
for water for each domestic demand site, md.  Net benefit is calculated as water use benefit minus 
water supply cost.  Values are synthesized from secondary sources. T he function is specified as:  
 

 
            (5) 

 
 
 
 
 
where: 
w0  maximum normal monthly withdrawals, by demand site (million m3) 
p0   value of water at full use (US$/m3) 
w  actual water withdrawals (million m3) 
e  price elasticity of demand 
α   1/e  
w_cm  water supply cost (US$/m3) 
l  calculated factor from synthesis data, here 0.743 

 
Instream water uses are of particular importance in the MRB.  Profit from power production (VP ) 
is calculated as power production (pow) multiplied by the difference between power selling price 
(pr) and power production cost (pc) for each hydropower station.  In the base year, all power 
production is carried out on Mekong tributaries. 
 

              (6) 
 
 
 
Environmental Water Use Components 
Fishing is important for all basin economies, but particularly for the downstream countries of 
Cambodia and Viet Nam.  Most of the fishermen and women are among the poorest in the basin, 
relying on freshwater fish catch for both nutrition and income.  According to Dr. Jensen, 6 former 
head of the Fisheries Programme at the Mekong River Commission Secretariat, three factors (at 
least) are important for fish production in the Mekong: (1) Fish production takes place primarily 
in the flooded areas during the wet season, and not in the mainstream and during the dry season; 
(2) total annual fish yield appears to be almost proportional to the size and duration of the flood; 
and (3) the most important economic fish species migrate every year, often 900 km or more. 
Thus, local areas of the basin, like Lake Tonle Sap, cannot be preserved without preserving a 
considerable part of the Basin's water bodies as well as the migrations (access) between these.  

                                                 
6 J. Jensen. Personal communication (via email), April 2000. 

( )
∑

















⋅−












+−+

⋅+
⋅⋅

=

+

pd

mdpdmd

pdmdpdmd
pdmd

md

cmww

l

ww
pw

VM

_

))1/(1(

)/()1/(1

,

10
,,

,0
0

α

α α

][, pwpw
pd

pdpwpw pcprpowVP −= ∑



 12 

 
Standard functional forms are not available in the literature for the evaluation of the relationship 
between water flows and the value of fish production.  In the model fish production is treated as 
an increasing function of water availability up to a doubling of pre-defined ‘normal’ flows.7 
Profit from fish production (VF) is calculated as a function of fish price and production cost, and 
water availability in the Great Lake and on the mainstream at fisheries demand sites.  In order to 
account for the varying contribution of flows to fish yield, an arctans function is used that relates 
actual profit from fish production to maximum profit, based on actual, minimum, and maximum 
water (Figure 3).  The lowest monthly factors relating actual and maximum instream flows 
(mfdft) and actual and maximum lake storage (mldft), calculated from the arctans function, are 
included in the fish production function.  The function is spec ified as: 

 
 

        (7) 
 
 
where: 
fpr  fish production (mt), by demand site (fd) 
fp  fish price (US$/mt) 
fcs  fish production cost, estimated (US$/mt) 
a  parameter relating normal to an estimated maximum fish production 
mfdf   calculated lowest monthly factor for instream flows from arctans function 
mldft calculated lowest monthly factor for Lake Tonle Sap storage from arctans 

function 
 
Fish production is connected to the flow nodes at the corresponding demand sites as well as to 
the storage of Tonle Sap (with the exception of the demand site in Yunnan, PRC) in order to 
account for the important role of the lake ecology and fish migration from the lake to these other 
sites for fish yield in the basin.  A fish price at landing site of US$750/mt was included.  No 
information could be obtained on costs of fish production; a cost of US$280/mt was assumed.  
Minimum flows for fish production are set at zero, and monthly maximum flows are defined as 
double ‘normal’ flows.   
 
Four wetland demand sites are included: one for Lao PDR, one for Northeast Thailand, one for 
Cambodia, and one for the Mekong Delta in Viet Nam.  The wetland demand site in Cambodia 
has two parts that are assumed to be of equal value: one wetland demand site for the mainstream 
and one for the Great Lake.  After reviewing estimated benefits of wetland uses in the region a 
conservative wetland yield of US$20/ha was incorporated into the model.  Fish production from 
wetlands (both in situ and off-site catch) is included in the fish sector. 
 
Net benefits from wetlands (VW) are specified as a function of wetland area and yield with 
potential wetland damage related to the deviation of actual flows from representative monthly 
flows towards both directions, flooding and drought.  Thus wetland benefits are a declining 
function of increasing flow deviations from normal flows (see Figure 4).  The flow deviation, 
flowdew , is calculated as the difference between ‘normal’ flows and flows calculated in the 
model.  The damage coefficients were estimated for each month so that at a flow deviation equal 
to a doubling of normal flows the damage to wetland benefits equals one twelfth of the maximum 
wetland benefit.  Monthly wetland damages accumulate over the year.  The same procedure was 

                                                 
7 Normal or average flows are defined as available baseline flows taking urban-industrial and agricultural 

water withdrawals and return flows into account.  Thus, 1990 fish production profits (and wetland 
benefits) are related to the level of off-stream basin development in that year.  There is an on-going 
debate regarding the use of pristine flows (pre-human settlement) versus those flows that reflect the 
current development situation for determining instream flow recommendations (see Brown 1991).  

[ ] fdfdfdfdfdfd mldftmfdftfcsfpafprVF ⋅⋅−⋅⋅= )(
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used for water storage in the Great Lake, which is assumed to account for half of total wetland 
benefits in Cambodia.  
 

  
              (8) 

 
 
 
 
where: 
wa  area of wetland (ha) 
wy  wetland yield, estimated (US$/ha) 
fd  deviation of flows from ‘normal’ flows 
lw  deviation of lake storage from ‘normal’ storage (only for Cambodia) 
dfw  damage coefficient for flows at wetland sites  
dlw  damage coefficient for lake storage at wetland site (only for Cambodia) 
f  adjustment factor (here: 1.1) 
 
The flow deviation, flowdew , is calculated as the difference between ‘normal’ flows and flows 
calculated in the model. The damage coefficients were estimated for each month so that at a flow 
deviation equal to a doubling of normal flows the damage to wetland benefits equals one twelfth 
of the maximum wetland benefit. Monthly wetland damages accumulate over the year. The same 
procedure was used for water storage in the Great Lake, which is assumed to account for half of 
total wetland benefits in Cambodia.   
 
Minimum flows for navigation and the river ecology as well as minimum outflows to the Sea are 
included as constraints.  A minimum flow requirement for all source flows of 10 percent was 
included, a percentage typical for large-scale water models.  Navigation is incorporated as a 
constraint with minimum water flows at each river reach on the mainstream equal to 50 percent 
of the lowest monthly flow.  Furthermore, a minimum monthly downstream flow requirement for 
outflows to the sea of 1,500 m3/sec was included as a constraint to keep salt intrusion in the delta 
at bay.  The model is calibrated to 1990 data as described in Ringler (2001). 
 
 
5. SELECTED RESULTS FROM ALTERNATIVE RUNS  
 
5.1. Baseline Results 
 
In the basin-optimizing solution, water withdrawals to off-stream demand sites and instream flow 
demands are driven by the objective of maximizing basin benefits from water use subject to a 
series of physical and system control constraints as well as minimum instream and downstream 
flow requirements.   
 
Total profits from water allocation and use are estimated at US$1.8 billion for the baseline year 
of 1990 (Table 4).  Basin profits are US$917 million from irrigated agriculture, US$170 million 
from M&I water uses, US$43 million from hydropower production, US$546 million from fish 
catch, and US$134 million from wetlands uses.  Viet Nam obtains the largest benefits from basin 
water uses, particularly through irrigated agriculture and fish production.  Thailand achieves 
similar, albeit lower profits, part of which are obtained from hydropower production.  Profits 
from hydropower are largest in Lao PDR, and fish catch and wetlands are the major water-related 
income sources in Cambodia. 
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Table 5 shows a series of sensitivity analyses for the baseline optimization scenario.  A reduction 
in total inflows by half causes a decline in profits from water uses by 42 percent; irrigation 
profits decline by 36 percent, M&I benefits by 5 percent, hydropower profits by 44 percent, 
fishery profits by 68 percent, and wetland benefits by 8 percent.  Agricultural water withdrawals 
decline by 6 percent.  Moreover, total crop area harvested declines by 2 million ha or 32 percent.  
As effective rainfall is reduced concomitantly with a reduction in hydrologic flow levels—here to 
75 percent of normal levels—total agricultural water withdrawals decline less than expected to 
compensate, at least in part, for the decline in effective rainfall.  In the real world, the cost of 
water abstractions at lower flow levels is typically high, causing further declines in farm 
incomes.  Urban-industrial water withdrawals, on the other hand, are typically maintained. In the 
case of flow levels of 50 percent of average flows both in- and outflows to the Great Lake on 
Tonle Sap River decline.  In the case of 80 percent of average flow levels inflows to the lake 
increase and outflows decline for the benefit of fish production in the basin (and for Cambodian 
wetlands).  
 
At inflow levels of 120 percent, total basin profits from water use increase to 111 percent.  
Profits from irrigation increase to 103 percent, and irrigation withdrawals decline as the rainfall 
effectively available for crops increases (to 110 percent of average effective precipitation).  In 
addition, profits from fish catch rise sharply whereas benefits from wetlands decline by 6 percent 
due to inundation from unusually large flows. 
 
If wetland values are reduced to US$16 or increased to US$50, respectively (from baseline 
values of US$20), other water -using sectors are not affected; only, benefits from wetlands/overall 
basin benefits decline (increase) to 80/99 percent (250/111 percent).  This is because changes in 
wetland values are not sufficient to affect the flow regime and/or the current flow regime is 
already optimal for wetland benefits.  If fisheries production costs are reduced to half of baseline 
production costs, then profits from fish production increase to 133 percent of baseline profits, 
and overall basin profits to 110 percent.  Increased fish production profits, in turn, trigger a 
reduction in irrigation withdrawals to 90 percent of baseline values, causing a slight reduction in 
net irrigation profits, and an improvement in hydropower profits to 102 percent of baseline 
values, as more water is available instream.   
 
 
5.2. Alternative Scenario – Tradeoff Analysis  
 
In order to show tradeoffs among the competing objectives of irrigated agriculture, urban-
industrial water uses, hydropower, fish production, and wetlands, a tradeoff analysis is carried 
out based on the weighting method.  This method is implemented here by running a separate 
scenario for each primary objective.  The primary objective in case is multiplied by a factor of 
100 while the other objective functions remain unchanged.  These scenarios are run for the case 
of 80 percent of normal inflows to better demonstrate potential tradeoffs.  Overall profits from 
water uses decline under each of these alternative runs.  
 
Figure 5 shows the results from this analysis.  The result from the primary objective function in 
each scenario was scaled to 100.  The curves for the individual objective functions show how 
they fare under the various primary objectives listed on the x-axis.  
 
The largest tradeoff for irrigation is with fish production.  When fish production is the primary 
objective, profits from irrigation decline to 39 percent of the maximum potential level, as 
fisheries strive for large instream flows, whereas irrigation water withdrawals reduce instream 
flows with direct negative impacts on fish yield.  Tradeoffs with other water users do exist, but at 
much lower levels: irrigation profits decline to 97 percent of maximum levels when hydropower 
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is the primary objective, and to 99 percent of maximum levels when domestic -industrial uses or 
wetlands are the primary objectives. 
 
Strong tradeoffs exist between M&I water uses and both fish production and irrigated 
agriculture.  When either profits from fish production or irrigation are the primary objectives, 
M&I net benefits drop sharply to 14 percent of maximum levels.  M&I benefits still decline to 80 
percent and 97 percent of maximum levels when either hydropower or wetlands are the primary 
objective. 
 
Hydropower competes for instream flows with fish production and irrigated agriculture.  When 
fish production is the favored objective, profits from hydropower generation decline to 42 
percent of maximum levels and when irrigation is favored, hydropower profit s decline to 80 
percent of maximum levels.  The strong tradeoff with fish production is due to the strategy of 
fisheries to reduce off-stream withdrawals, to increase the storage level in Tonle Sap, and to 
ensure large instream flows at fisheries demand sites, particularly during the wet season.  This 
strategy, in turn, changes the timing of hydropower releases and uneven releases from dams 
reduce hydropower production. 
 
Fish production has similar tradeoffs with irrigation, wetlands, and hydropower.  When the latter 
uses are the primary objectives, profits from fish production decline to 87-88 percent of 
maximum levels.  The tradeoff between fish production and wetlands is due to their different 
specifications.  The incorporation of a minimum factor relating actual to maximum flows into the 
fish production function results in increasing wet-season flows for this low-flow scenario, when 
fish production is the primary objective.  When wetlands are favored, on the other hand, dry-
season flows increase for this low -flow scenario.  Changes in flows are produced through 
changes in reservoir releases and off-stream withdrawals.  The tradeoff with M&I water uses is 
smaller—fish production profits decline to 91 percent of maximum levels. 
 
The largest tradeoff for wetlands is with fish production; net wetland benefits decline to 94 
percent of maximum levels when fisheries is the primary objective, due to differences in their 
specification as explained above.  There is no large tradeoff with other uses (net benefits decline 
to 97 percent of maximum levels when the other objectives are favored). 
 
 
5.2. Alternative Scenario – Saltwater Control  
 
The threat of increased saltwater intrusion in the Mekong Delta from increased water 
withdrawals upstream, particularly for irrigation, was one of the major reasons for Viet Nam to 
join the Mekong River Commission.  There are two possibilities to analyze the tradeoffs between 
saltwater intrusion and profits from irrigation.  Either the irrigated harvested area is increased to 
the maximum potential, which is reached when dry-season outflows to the sea hit the minimum 
level of 1,500 m3/sec, or the minimum downstream flow requirement is gradually increased to 
analyze the effects on profits from irrigation.  Here, the second alternative was chosen.  The 
scenarios were run for normal-flow levels.  Only the objective function for maximizing profits 
from agriculture was evaluated.  The remaining objective functions were not included, that is, 
irrigated agriculture was assumed to be the only water consumer in the basin.  
 
Figure 6 presents the results from this analysis.  At downstream flow levels of 1,500 m 3/sec, 
equal to about 10 percent of annual discharge, profits from irrigation are US$923 million, 
slightly higher than the US$917 million achieved in the baseline scenario, which includes 
additional objective functions.  Profits from irrigation begin to decline at minimum downstream 
flow levels of 4,000 m3/sec.  At minimum flows of 4,500 m3/sec, irrigation profits decline to 94 
percent of maximum levels; and at flows of 4,800 m3/sec to 87 percent of maximum levels.  At 
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about 4,860 m 3/sec, equal to about a third of total annual discharge, irrigation profits drop 
sharply to US$290 million.  Thus, an increase of the minimum downstream flow requirement by 
8,585 million m3 every month will basically wipe out profits from irrigated agriculture.  
 
Conversely, when 1990-levels of irrigated area are increased proportionally, the flow 
requirement of 1,500 m3/sec is reached in January-April under a maximum harvested irrigated 
area of about 77 million ha—an increase in the baseline scenario area by a factor of 12.  Dry-
season water withdrawals at the off-take level increase by an average of 8,148 million m3 during 
these months.  
 
Thus, there is a significant tradeoff between saltwater intrusion and profits from irrigation, but 
the tradeoff only plays out at high levels of water abstractions, or at a substantial increase in 
downstream flow requirements.  However, saltwater intrusion is a highly complex and highly 
localized phenomenon, which is typically simulated based on models with hourly time steps.  
Therefore, these results can just provide a very rough indication of the flow quantities involved 
in the tradeoff. 
 
 
6. HOW TO IMPROVE THE INTEGRATION OF ENVIRONMENTAL FLOW 

VALUES? 
 
6.1. General Conclusions 
 
Balancing the economic, political, and environmental interests in the basin is a highly complex 
task. Equitable sharing of transboundary water resources by riparian countries with highly 
diverse economic development and water resource needs, efficient and beneficial use of scarce 
water resources, and sustainable development of the natural resources in the basin requires 
effective international cooperation for the allocation and management of water resources. 
 
The modeling framework presented here can help the riparian countries to structure the complex 
reality of the Mekong water resources system.  It can assist in uplifting some of the discussions 
over diverging interests in basin development, which are charged with politics and history, to a 
neutral level.  Moreover, it can support policymakers in their decision-making processes from an 
economic efficiency perspective.  This type of modeling is particularly important for strategic 
decision-making based on a series of alternative policy scenarios, rather than real-time or short-
term management. This modeling approach thus complements the traditional flow simulation 
models, but cannot replace them. 
 
For such a model to be actively used by basin stakeholders, the following issues would need to 
be addressed: 1) Detailed and updated data; 2) Validation and reformulation of water -productive 
use relationships; 3) Deepening and strengthening of the hydrologic model (including 
groundwater, etc.); 4) Disaggregation to allow for analysis of distributional consequences; 5) 
Disaggregation to unmask local/regional scarcities and abundance; 6) Further research n the 
relationship between mainstream flows and water storage in Tonle Sap in order to analyze the 
effects of planned and on-going reservoir construction on the ecology of the lake and the entire 
basin area; 7) Fish yield and wetland interactions need to be analyzed in more detail to better 
reflect the complementarities between these two sectors.  Moreover, existing complementarities 
between fish production and irrigated agriculture, particularly through integrated fish-rice 
production systems, need further attention; these integrated systems could substantially improve 
upon the productivity of water in rice production. 
 
6.2. Issues related to Environmental Use Values 
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According to the analysis presented here, tradeoffs are particularly strong for the objective of 
maximizing profits from fish production and lowest for wetlands.  However, the tradeoff between 
fish production and wetlands only provides a partial perspective of the aquatic ecosystem as 
some fish species spend their entire life in wetlands and the lifecycle of other species is directly 
or indirectly connected to wetlands.  The functional forms used to represent these two instream 
flow uses, however, prevent a unison development of net benefits.  Another example is the 
tradeoff between fish production and irrigation.  Although off-stream water uses deprive fish of 
instream flows, a significant share of total fish production in the Mekong basin takes place in 
flooded areas, which often double as rice production sites.  Integrated fish-rice production 
ecosystems are particularly common in Cambodia and the Mekong Delta with income from fish 
catch sometimes exceeding profits from rice production.   
 
In general, any functional form that relates water flow with environmental benefits (damage 
function / environmental benefit function) can be incorporated into the modeling framework.  
There are several possibilities to improve the representation of environmental values in an 
integrated river basin model: 
 
Validating Current Functional Forms  / Estimating Forms Based on Surveys 
One avenue that could be pursued would be to estimate functional forms relating wetland 
benefits and water levels (quantity and quality) based on detailed surveys of key wetland and 
fisheries demand sites in the basin.  This would be the “cleanest” alternative, but would also be 
VERY costly as, ideally, surveys would need to span several years, cover major valuable fish 
species, and wetland uses that would need to be monitored several times in a year.  A question is 
if the November/2003 Agreement on Procedures for Water Use Monitoring could help with this. 
 
Holistic Approaches to the Assessment of Instream Flows 
Environmental uses could be represented by specified instream flows only.  These could be 
determined, in turn, based on the Building Block Methodology (Hughes, O’Keeffe, and King 
[1997]) described above.   
 
Compartmental Modeling Approach 
As the Mekong Delta is confronted with a highly complex hydrology and hydraulic situation and 
strongly affected by tides, the holistic approach, which calls for a simple flow balance based on 
monthly averages and a highly simplified network, might not provide an appropriate physical 
basis for source evaluation.  A compartment modeling approach could be chosen instead, for 
example, by linking a hydrologic simulation model, that includes the required hydrologic 
complexities and is built based on detailed temporal and spatial scales (hourly time step and more 
than 2000 nodes) with an economic evaluation framework.  The economic modeling framework 
would include the agronomic and economic relationships, but fully rely on VRSAP (Vietnam 
River Systems and Plains) for hydrologic relationships (Appendix figure).  However, it is unclear 
how environmental flow values could be modeled in such an approach, as flow outputs from the 
hydrologic model are not returned into the system. 
 
Stakeholder-driven Approaches 
Another possibility would be to not explicitly model environmental outcomes, but present 
alternative scenarios with alternative development options (including hydropower, irrigation, and 
domestic -industrial uses) and their respective flow regimes to stakeholder groups in the basin, 
and determine together with these groups, what the likely environmental impacts of alternative 
development plans would be.  Monetarized impacts could then be put back into the modeling 
framework. 



 18 

References 
 
Bandavong, P. 1991. Water chemistry of the That Luang Salakham Swamp, Vientiane, Lao 
PDR. Poster presented at the international conference "Conservation and Management of 
Tropical Inland Waters: Problems, Solutions and Prospects," 5-9 September. Hong Kong: The 
University of Hong Kong. 

Brown, T.C. 1991. Water for wilderness areas: Instream flow needs, protection, and economic 
value. Rivers 2(4): 311-325. 

Cambodian Department of Fisheries. 1999. Mr. Nao Thuok, Deputy Director, Department of 
Fisheries, Ministry of Agriculture, Forestry, and Fisheries, Cambodia. Interview notes, BDP 
detailed planning phase, March, Phnom Penh, Cambodia. (Mimeo). 

Carson, R.T., W.M. Hanemann, R.J. Kopp, J.A. Krosnick, R.C. Mitchell, S. Presser, P.A. 
Ruud, and V.K. Smith. 1997. Temporal reliability of estimates from contingent valuation. 
Land Economics 73(2): 151-163. 

Castleberry, D.T., J.J. Cech Jr., D.C. Erman, D. Hankin, M. Healey, G.M. Kondolf, M. 
Mangel, M. Mohr, P.B. Moyle, J. Nielsen, T.P. Speed, and J.G. Williams. 1996. Uncertainty 
and instream flow standards. Fisheries 21(8): 20-21. 

Chandrachai, W., S. Choowaew, and R.C. Petersen Jr. 1991. Environmental conditions of the 
Huai Nam Un wetlands, Songkrham river, Lower Mekong Basin, Thailand. Poster presented 
at the international conference "Conservation and Management of Tropical Inland Waters: 
Problems, Solutions and Prospects," 5-9 September. Hong Kong: The University of Hong 
Kong. 

Choowaew, W. 1993. Inventory and management of wetlands in the lower Mekong Basin. 
Asian Journal of Environmental Management 1(2): 1-10. 

Cropper, M.L. and W.E. Oates. 1992. Environmental economics: A survey. Journal of 
Economic Literature 30(2): 675-740. 

Davies, J. and G. Claridge. 1993. Wetland benefits. The potential for wetlands to support and 
maintain development. Asian Wetland Bureau Publication No. 87; International Waterfowl 
and Wetlands Research Bureau Special Publication No. 27; Wetlands for the Americas 
Publication No. 11. Kuala Lumpur: Asian Wetland Bureau.  

Denslinger, T.L., W.A. Gast, J.J. Hauenstein, D.W. Heicher, J. Henriksen,  D.R. Jackson, G.J. 
Lazorchick, J.E. McSparran, T.W. Stoe, L.M. Young. 1998. Instream flow studies 
Pennsylvania and Maryland. Harrisburg, PA: Susquehanna River Basin Commission with 
Pennsylvania Department of Environmental Protection. 

Espegren, G.D. 1998. Evaluation of the standards and methods used for quantifying instream 
flows in Colorado. Denver, Co.: Colorado Water Conservation Board. Accessed at 
<http://cwcb.state.co.us/isf/programs/ evalstan.pdf>. 

FAOSTAT (Food and Agriculture Organization of the United Nations Statistical Database). 
1999. Accessed at <http://faostat.fao.org> Accessed July/August 1999. 

Friedrich, H. 2000. The biodiversity of the wetlands in the lower Mekong basin. Paper 
submitted to the Fourth Regional Consultation of the World Commission on Dams in Hanoi, 
Viet Nam, February 26-27. Accessed at <http://www.dams.org/ consult_region _esea 
_prog.asp>. 

Gibbons, D. 1986. The economic value of water. Washington, D.C.: Resources for the Future.  

Gregory, R. and H. Guttman. 2000. A diverse monoculture. Aquatic animal production from 
rice fields in Southeast Asia. Mekong Fisheries Network Newsletter 5(1): 2-5. 



 19 

Gustard, A. and C.R.N. Elliott. 1997. The role of hydro-ecological models in the development 
of sustainable water resources. In Sustainability of water resources under increasing 
uncertainty. Proceedings of the Rabat Symposium S1, April. IAHS Publication No. 240, pp. 
407-417.  

Hargeby, A. 1991. Consultant’s report No. 6. Wetlands Management Programme, Bangkok, 
Thailand: Mekong Secretariat. 

Hughes, D.A., J. O’Keeffe, and J. King. 1997. Development of a reservoir release operating 
rule model to simulate demands for instream flow requirements and water resources. In 
Sustainability of water resources under increasing uncertainty. Proceedings of the Rabat 
Symposium S1, April. IAHS Publication No. 240, pp. 321-329. 

Interim Committee for Coordination of Investigations of the Lower Mekong Basin. 1992. 
Fisheries in the lower Mekong basin (Review of fishery sector in the lower Mekong Basin). 
Main Report. Bangkok, Thailand: Interim Committee for Coordination of Investigations of 
the Lower Mekong Basin. 

Kristensen, J. 2000. Experience in international cooperation for planning and sustainable 
development of the Mekong River Basin. Paper submitted to the Fourth Regional 
Consultation of the World Commission on Dams in Hanoi, Viet Nam, February 26-27. 
Accessed at <http://www.dams.org/ consult_ region_esea_prog.asp>. 

Lee, L.K. and L.J. Moffitt. 1993. Defensive technology and welfare analysis of environmental 
quality change with uncertain consumer health impacts. American Journal of Agricultural 
Economics 75(2): 361-366. 

McKinney, M.J. and J.G. Taylor. 1988. Western state instream flow programs: A comparative 
assessment. Instream flow information paper No. 18. Washington, D.C.: U.S. Fish and 
Wildlife Service Biological Report 89(2). 

Minh, L.Q., T.P. Tuong, M.E.F. van Mensvoort, and J. Bouma. 1997. Contamination of 
surface water as affected by land use in acid sulfate soils in the Mekong River Delta, Viet 
Nam. Agriculture, Ecosystems and Environment 61: 19-27. 

MRC. 1998. Study on environmentally sound management of soil and water in the 
Vietnamese plain of reeds and the Cambodian flood plains. Project document. Environment 
Unit. Bangkok, Thailand: MRC. (Mimeo). 

MRC. 1997. Mekong River Basin diagnostic study. Final Report. MKG/R. 97010. Bangkok: 
Thailand. 

MRCS (Mekong River Commission Secretariat). 1998. Inventory and management of 
wetlands in the lower Mekong basin. Review and assessment report for phase I (1990-1996). 
Environment Unit. Bangkok, Thailand: MRCS. 

Mundkur, T., B. O’Callaghan, and M. Silvius. No year. Wetland resources of the Mekong 
River Basin. A preliminary assessment of its wildlife, particularly waterbirds. Draft. (Mimeo). 

NEDECO 1993. Master plan for the Mekong Delta in Viet Nam. Summary report. October. 
Government of Viet Nam, State Planning Committee, World Bank, Mekong Secretariat, 
UNDP. 

Nehring, R.B. 1988. Stream fisheries investigations. Fish flow investigations. Final report 
(Federal Aid Project F51) to Colorado Division of Wildlife. Fort Collins, Co. 

Pearce, D.W. and R.K. Turner. 1990. Economics of natural resources and the environment. 
Baltimore, Maryland: The Johns Hopkins University Press. 

Rainboth, W.J. 1996. Fishes of the Cambodian Mekong. FAO species identification field 
guide for fishery purposes. Rome: FAO. 



 20 

Ringler, C. 2001. Optimal Allocation and Use of Water Resources in the Mekong River Basin: 
Multi-Country and Intersectoral Analyses. Development Economics and Policy Series Vol. 
20 (PhD dissertation, Bonn University). Frankfurt: Peter Lang Verlag.  

Roger, K. 1992. Fishery resources in the Lao PDR wetlands: Nong Chanh Marsh and That 
Luang Swamp. In Proceedings of the workshop on wetlands management in the lower 
Mekong basin, 7-12 December. Ho Chi Minh City, Viet Nam, and Bangkok, Thailand.  

Rosegrant, M.W., C. Ringler, D.C. McKinney, X. Cai, A. Keller, and G. Donoso. 2000. 
Integrated economic-hydrologic water modeling at the basin scale: The Maipo River basin. 
Agricultural Economics 24(1): 33-46. 

Schouten, R. 1998. Effects of dams on downstream reservoir fisheries, case of Nam Ngum. 
Catch and Culture 4(2): 1-5. 

Scott, D.A. and C.M. Poole. 1989. A status overview of Asian wetlands. Kuala Lumpur: Asian 
Wetlands Bureau. 

Stalnaker, C., B.L. Lamb, J. Henriksen, K. Bovee, and J. Bartholow. 1995. The instream flow 
incremental methodology. A primer for IFIM. Biological Report 29. Washington, D.C.: US 
Department of the Interior. National Biological Service. 

Tennant, D.L. 1976. Instream flow regimens for fish, wildlife, recreation and related 
environmental resources. Fisheries 1(4): 6-10. 

UNEP/MRC. 1997. Greater Mekong sub-region state-of-the-environment report . MKG/R. 
97013. Bangkok, Thailand: MRC. 

Van Zalinge, N., N. Thuok, and T.S. Tana. 1998. Where there is water, there is fish? 
Cambodian fisheries issues in a Mekong regional perspective. Paper contributed to the 
Mekong Panel at the Seventh Common Property Conference of the International Association 
for the Study of Common Property, Vancouver, Canada, 10-14 June.  

Viet Nam Statistical Publishing House (SPH). Various Years. Statistical data of agriculture, 
forestry and fishery (1990-1998) and (1975-2000). Hanoi: Statistical Publishing House.  

World Bank. 2000. News release No. 2000/211/EAP. February 14. Accessed at 
<http://wbln0018.worldbank.org/news/pressrelease.nsf/>. 

 



 21 

Table 1: Demand Sites in the Modeling Framework 

Country/Region Irri-
gation  

M&I Hydro- 
power 

Fish 
prod. 

Wetlands 

      Yunnan, PRC  A1CH MCH  FCH  

Lao PDR  A1LA MLA 
LAST1/
LAST2 FLA WLA 

Northern Thailand  A1TNO MNOT   FTNO  
Northeast Thailand  A2TNE MNET  THST1 FTNE WTNE 
Cambodia A1CA MCA  FCA WCA 
VN Central Highlands  A1VCH MVCH    
VN Mekong Delta  A2VDL MVDL  FVDL WVDL 
       

 
Table 2:  Fish Production in the Mekong River Basin 

Index Production, 1990s  2025 
minimal 

2025 
optimal 

2020 

 A B C D E E E A 
 (‘000 metric tons)  

FCA 400.0 100.0 72.4 255.0-380.0 80.9 421.0 632.0 600.0
FLA 40.3 27.0 40.3 27.0 27.4 177.0 266.0 80.5
FTNO/FTNE 322.0 322.0 443.5 303.0 58.8-322.0 663.0 995.0 344.0
FVDL 400.0 438.0 376.5 190.0 438.0 834.0 1,251.0 600.0
FCH 0.1 0.2
 TOTAL 1,162.4 887.0 932.7 775.0-900.0 605.1 2,095.0 3,144.0 1,624.7
 
Notes: FCA: Cambodia; FLA: Lao PDR; FTNO/FTNE, Thailand; FVDL, Mekong Delta;  FCH, Yunnan 

Province, PRC.  
Sources: A: used in model; B: MRC (1997); C: FAOSTAT (1999); D: van Zalinge, Thuok, and Tana (1998) 

(does not include fish culture); E: Interim Committee for Coordination of Investigations of the Lower 
Mekong Basin (1992); 2025 minimal defined as 33 percent of total animal protein from fish; 2025 
optimal defined as 75 percent of total animal protein from fish. Production does not need to be local. 

 
 

Table 3:   Wetlands in the Mekong River Basin 

Index Country/Region  Area Number Area 
  A B C C D 
  (hectares)  (ha) 
 Yunnan     25,076 
WLA Lao PDR 220,000 965,133 220,000 4  
WTNE Thailand/a 200,000 985,153 2,510,000 42 51,719 
WCA Cambodia 3,650,000  3,650,000 4  
WVDL VN Mekong Delta 2,000,000 4,093,170 5,810,000 25 561,947 
       TOTAL   6,070,000 6,043,456 12,190,000 75  
 
Note:  /a in model only Northeast Thailand. A: used in the model; B: MRCS 1998; C: Scott and Poole 

(1989), cited in Choowae (1993) for entire countries; wetlands of international importance only; D: 
Mundkur, O’Callaghan, and Silvius. No year. 
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Table 4:    Baseline Scenario, Profits from Water Use 

Country/Region  Irrigation  M&I Hydro-
power 

Fisheries Wetlands  Total 

 (million US$) 
  Yunnan, PRC 20 11  0.05  31 

Lao PDR 38 6 33     19 5 101 
Viet Nam 513 81    188 44 825 
    VN, Central Highl. 29 6    35 
    VN, Mekong Delta 484 75    188 44 790 
Thailand 320 65 10   151 4 551 
    N. Thailand 52 5      10  68 
    NE Thailand 268 60 10   141 4 483 
Cambodia 26 7    188 80 301 

       Total Basin 917 170 43   546 134 1,809 
        
 

Table 5:    Sensitivity Analyses, Various Parameters (Percentage) 

Para-
meter 

Levels/ 
Values 

Irri-
gation 
Profit 

M&I 
Benefit 

HP 
Profit 

Fish 
Profit 

Wetland 
Benefit 

Total 
Profit  

Irrig. 
With-
drawal 

          50% 64 95 56 32 82 58 94
60% 69 99 65 45 87 66 96
80% 95 99 76 82 95 91 87Inflow  

120% 103 100 102 133 96 111 82
 US$16 100 100 100 100 80 99 100Wetland 

value/a US$50 100 100 100 100 250 111 100
 

50% 99.9 100 102 133 99.9 110 90Fisheries
prod. 
cost/b 200% 100 100 100 40 100 82 100

             Note: /a Baseline value is US$20; /b baseline value is US$ 280. 
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Figure 1: Mekong River Basin Map and Network 
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Figure 3: Relationship between Profits from Fish Production and Water Availability, 
Example Yunnan Province 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Wetland Net Benefit Function, Example Lao PDR 
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Figure 5: Tradeoff Analysis among Competing Objectives 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: Inflow levels are 80% of base levels. 
 
 
 
 
Figure 6: Tradeoff Analysis, Irrigation Profits and Saltwater Intrusion 
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Appendix – Details in Fish and Wetland Valuation 
 
• Profit function for fish production (VF) 

Profit from fish production (VF) is calculated as a function of fish price and production 
cost and water availability in the Great Lake and on the mainstream at the particular fish 
production demand site. An arctans function is used to capture an estimated relationship 
between water availability and fish production: at low water levels, production increases less 
than proportionately, at high water levels, production increases more than proportionately, 
and at very high water levels, production again increases less than proportionately.  
 
 

      (A-1) 
 

where: 
prod  fish production (mt) 
fprice(fdm)  fish price (US$/mt) 
fcost(fdm)  fish production cost (US$/mt) 
a  parameter relating normal to an estimated maximum fish production 
mfdft(fdm)  lowest monthly factor for instream flows at fisheries demand site 
mldft(fdm)  lowest monthly factor for water storage in Tonle Sap 
 
The factors mfdft and mldft are determined in the following ways: 

 
for instream nodes: 
 

 
 
 
 

 
          (A-2) 
where: 
fdft factor relating maximum, minimum, and actual flow in each  
 period 
flow(rn,pd)  flow calculated in model for river node and period 
fmax(fdm,pd) maximum flow for river node and period (here 2* ‘normal’ flow) 
fmin(fdm,pd) minimum flow for river node and period (here = 0) 
b,c  parameters (here: b = 1.15; c = 0.7) 
 
‘Normal’ flows are average flows post off-stream, but pre-instream uses for fish 

production and wetlands. 
 
           (A-3) 
 
for Tonle Sap storage: 
 

       (A-4) 
 
 
where: 
ldft  factor relating maximum and actual storage in each period 
storage(rev,pd) storage calculated in model for each period 
maxstor(rev,pd) maximum storage for each period (here: 2*‘normal’ storage) 
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d,e  parameters 
 

‘Normal’ storage is average storage post off-stream, but pre-instream uses for fish 
production and wetlands. 

 
           (A-5) 
 
• Benefit function for wetlands (VW)  

Net benefits from wetlands (VW) are specified as a function of wetland area and yield with 
potential wetland damage related to the deviation of flows from normal flows in both 
directions (flooding and drought). Thus wetland benefits are a declining function of 
increasing flow deviations from normal flows.  
 
 
 
           (A-6) 
 
 

 
 
where: 
warea area of wetland (wetdm) (ha) 
wyld wetland yield (US$/ha)  
flowdew deviation of flows from ‘normal’ flows 
lakew deviation of storage of Tonle Sap from ‘normal’ storage (only for Cambodia) 
damfw damage coefficient for wetland flows 
damlw damage coefficient for lake storage related to wetlands (only for Cambodia)  
f parameter (here 1.1) 
 
The deviation of flows, flowdew, is calculated as difference between ‘normal’ flows and 

flows calculated in the model. The deviation of lake storage, lakew, is calculated as the 
difference between ‘normal’ storage and storage calculated in the model. ‘Normal’ flows are 
derived by running the model for current water uses with the exception of uses for fishery and 
wetlands. The damage coefficients have been estimated for each month so that at a flow 
deviation equal to a doubling of normal flows the damage to wetland benefits equals one 
twelfth of the maximum net benefit.  
 

(A-7) 
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GAMS NOTATION – FISHERIES AND WETLAND BENEFITS 
 
**FISHERIES 
*calculate flow relationship actual vs. normal flows at fish production sites on the river 
cal_flowa(fdm,pd) ..  
  flowa(fdm,pd)   =e= 
     sum(rn$ndlinkf(rn,fdm), sum(rn_lo$rvlink(rn, rn_lo),  arctan(flow(rn, rn_lo,pd)/fmaxin(fdm,pd) ))) 
    *(1- fact2(fdm)* sum(rn$ndlinkf(rn,fdm), sum(rn_lo$rvlink(rn, rn_lo),  
          (sqr (flow(rn, rn_lo,pd)/fmaxin(fdm,pd)-0.7)  )))); 
 
*define flow factor based on actual vs. normal flow relationship 
def_fdft(fdm,pd).. 
    fdft(fdm,pd)  =e=  flowa(fdm,pd); 
 
*find lowest seasonal flow factor 
def_mfdft(fdm,pd) .. 
   mfdft(fdm)   =l=     fdft(fdm,pd); 
 
*calculate water storage relationship actual vs. normal storage at fish production sites on the lake 
cal_lakeb(fdm,pd).. 
  lakeb(fdm,pd)   =e= 
   sum(rev$rdlinkf(rev,fdm), arctan(RES_ST(rev,pd)/lakemax(rev,pd))) 
       *(1- fact3 (fdm)* sum(rev$rdlinkf(rev,fdm),  (sqr  (RES_ST(rev,pd)/lakemax(rev,pd)-0.7) ))); 
 
*define storage factor based on actual vs. normal storage 
def_ldft(fdm,pd).. 
    ldft(fdm,pd)   =e=    lakeb(fdm,pd) ; 
 
*find lowest seasonal storage factor 
def_mldft(fdm,pd).. 
   mldft(fdm)   =l=    ldft(fdm,pd); 
 
*calculate the value from fish production related to water flows/storage 
cal_fval(fdm).. 
  fval(fdm) =e=  
  (((fprod(fdm)*(fprice(fdm)-fishcost(fdm)))/1000000)*nbenf(fdm))* mfdft(fdm)*(fact1(fdm) + mldft(fdm)); 
 
**WETLANDS 
*calculate instream flow deviation for wetlands 
cal_instw(wetdm,pd).. 
  flowdew(wetdm,pd) =e= 
   flownorm(wetdm, pd) - sum(rn$ndlinkw(rn,wetdm), sum(rn_lo$rvlink(rn, rn_lo),  flow(rn, rn_lo,pd))); 
 
*calculate lake storage deviation for wetlands  
cal_lakew(wetdm,pd).. 
  lakew(wetdm,pd) =e= sum(rev$rdlinkw(rev,wetdm), lakenorm(rev, pd) -  Res_st(rev,pd)); 
 
*calculate benefit from wetlands related to water flows/storage 
cal_wval(wetdm).. 
  wval(wetdm) =e= 
  (warea(wetdm)*wyld(wetdm)*nbenw(wetdm)/1000000) - (sum (pd,  sqr(flowdew(wetdm,pd)) 
      *(damfw(wetdm,pd)/1000000))) - sum(pd,  sqr(lakew(wetdm,pd))  *(damlw(wetdm,pd)/1000000)); 
 


