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Abstract 

Research that contributes knowledge on the ecological impacts of policies 

governing the utilization and management of the Colorado River could be 

useful in developing future policy for this internationally shared 

resource. This dissertation examines legal protection of endangered 

species habitat in Mexico and the impacts of hydrologic variability on the 

ecosystem in the Colorado River Delta using Advanced Very High 

Resolution Radiometer (AVHRR) satellite images. The research was 

designed to examine the interactions of human and physical variables on 

the lower reaches of the Colorado River that result from the operation of 

the "Law of the River," a series of federal and state statutes, treaties, and 

contracts developed over the last century. The working hypothesis was 

that climatic variability influences the ecosystem of the Colorado River 

Delta and Upper Gulf and the ecological impacts influence socioeconomic 

activities directed toward resource utilization or extraction. 

The legal potentials for increasing water delivery to the Delta are 

evaluated and it is concluded that the Endangered Species Act (E^A) may 

be the only viable legal option to force greater water delivery in the 

region. An examination of the ESA indicates that Mexico will have to 

undertake certain actions to enable any legal suit to prevail and that 
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such changes could benefit threatened habitat for endangered species 

and other animals. 

The effect of fi*eshwater flows in the Delta and Gulf are evaluated using 

AVHRR Normalized Vegetation Difference Index (NDVI) data. The 

monthly data firom 1989-2000 revealed that flood flows into the Rio 

Hardy wetland have a positive impact upon endangered species habitat. 

The flood flows were evaluated through the use of a Delta Response 

Index (DRI) that related flood-dependent to flood-independent wetlands. 

The same data set was used to gauge the amount of floodwater flow into 

the Gulf and by estimating how much water was diverted to a closed 

basin in Mexico called the Laguna Salada. Examination of impoundment 

area changes in the Laguna Salada during flooding indicated that inflows 

never exceeded capacity and the large volumes of water released across 

the US/Mexico border failed to reach the Gulf. It is suggested that 

public or private initiatives such as the rebuilding of natural earthworks 

in the Colorado River channel in the upper Delta by Ducks Unlimited 

should be considered seriously by policy makers as a way that could 

promote increased flow of water to the lower Delta and Gulf. 
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Chapter 1 

Introduction 

Ecological resources such as freshwater are often a source of competition 

and conflict between bordering countries. Ecosystem boundaries do not 

follow legal borders, and it is often difficult for stakeholders to view them 

holistically in order to develop policies that are mutually beneficial with 

minimal negative impact on the natural resource. National competition 

to fully exploit shared resources often results in ecosystem integrity 

being compromised. Neighboring countries share equally in the burden 

of damaged ecosystems, even if the exploitation and benefits have not 

been equivalent. This practice may have long-term negative 

consequences for the natural environment and its ability to support 

economic activities. Legal instruments are currently inadequate to deal 

directly with these issues and piecemeal negotiation results. 

This case study of international water use and shared fi*eshwater 

resources focuses upon the Colorado River and examines how upstream 

diversions have led to the degradation of the lower Colorado River Delta 
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and upper Gulf of California in Mexico. Use of Colorado River water in 

agriculture and cities has greatly diminished freshwater flow into the 

Colorado River Delta since the completion of Glen Canyon Dam in 1968. 

Simultaneously, socio-economic changes related to utilization of natural 

resources have occurred in Mexico negatively impacting the Delta and 

Upper Gulf. Time will tell what long-term ramifications these events may 

have on the ecosystem, its inhabitants, and the people who depend 

directly or indirectly on the Colorado River for sustenance. 

Back^ound 

The conservation group American Rivers declared the Mexican section of 

the Colorado River one of the ten most endangered stream reaches in 

North America in 1998 due to proposals in Arizona and Nevada to create 

programs that would impound excess flows during BNSO (El 

Nino/Southem Oscillation) floods (American Rivers, 1998). The 

Secretary of the Interior is authorized to approve state storage ofif-site of 

Colorado River flows during flood years (Fed. Reg., 1997). Nevada and 

Arizona want to use these regulations to recharge groundwater aquifers 

while California needs this water to continue its current usage as upper 

basin states begin to increase their demands for water. The Bureau of 

Reclamation is creating guidelines to further these impoundment 
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proposals. The reservoirs will then supplement water supplies during 

drought years. These actions will curtail large-scale flooding caused by 

climate variability (Kiladis and Diaz, 1989) and mean that Mexico will 

receive little or no excess above the 1.5 million acre-feet required under 

the 1944 treaty. The loss of the excess floodwaters would effectively 

eliminate any future freshwater flows to the Delta and Gulf (cf. Snape et 

al., 1999). Any consideration of the Colorado River Delta in these 

maneuverings has been curtailed, partially due to the lack of adequate 

information. 

A further limitation to flexibility in water plarming is the sale of electricity 

generated from US impoundment structures. Interviews with Bureau of 

Reclamation water planners indicated that power generating needs 

strongly impact the timing of flow releases. These contracts provide the 

needed capital for maintenance of the entire system of diversions. 

Voiding them in order to promote a more ecological sound release regime 

is probably not economically feasible. 

The Colorado River Delta and Upper Gulf of California are home to a 

number of US endangered and threatened species (Zengel et al.. 1995) 

including the vaqulta {Phocoena sinus), the most endangered aquatic 

mammal in the world. For decades after water diversions to the Imperial 
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Valley in the US began around the turn of the 20m century, the Delta 

ecosystem slowly died. From an original area of 1.2 million acres, it 

shrank to under 5.000 acres - this mainly watered from agricultural run

off (Glenn et al.. 1992). Beginning with the ENSO driven floods in 1978 

and 1983. freshwater from the Colorado began to flow back into the 

Delta. The ecosystem responded strongly as new cohorts of trees and 

other vegetation were established (Glenn et al.. 1999), 

Hydrologically. the Colorado River is subject to extreme high flows often 

corresponding to El Nino/Southem Oscillation (ENSO) events and low 

flows during drought conditions (cf. Redmond and Koch. 1991; 

Woodhouse, 1997). Major research initiatives have been devoted to river 

management in the Grand Canyon area of the river (National Research 

Council, 1996) extending to the lower stretch at the border with Mexico 

(Briggs and Cornelius, 1998; Bureau of Reclamation, 1996). Little 

attention has been given to users below the international line (American 

Rivers, 1998). 

The creation of a Biosphere Reserve Eiround the Delta and northern end 

of the Gulf by Mexico in 1993 is evidence of a commitment by Mexico 

toward biodiversity and a growing desire to protect the resource (See 

McGuire and Valdez-Gardea, 1997 for a full discussion). But local 
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management efiforts are hampered by a lack of freshwater, due to 

management decisions made up-river by both governments (ITE^M, 

1999; North American Wetlands Conservation Council, 1998). Protection 

of rare species could create potential for eco-tourism in some areas 

(Briggs and Cornelius, 1998), but this is dwarfed imder the relentless 

demand by agricultiu-al and municipal groups to manage the river in 

order to serve their interests. There have been proposals for year-round 

flows in order to protect wildlife and fulfill E^A requirements (Snape et 

al., 1999; Environmental Defense Fund, 2000; Wilson, 1994). Including 

Mexico in the planning process might enhance cooperative efforts toward 

conservation of habitat in the Delta and Gulf. International cooperation 

might improve the potential for developing eco-tourism and for the 

protection of wildlife in the region (Newcom, 1999). 

This study was conducted to help provide ecological information and to 

develop a discussion on the socioeconomic ramifications of agriculture 

and municipal utilization and management of the Colorado River. 

Hopefully, the findings will add to a rational dialogue by both US and 

Mexican stakeholders along the entire Colorado River basin. 

Dissertation Format 

This dissertation consists of three research manuscripts appended to the 
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introductory chapters. The papers will be submitted to appropriate 

research journals. A law review analysis of the endangered species act 

and its potential for application in the Delta (a foreign country) is 

undertaken in paper one. A legal resolution requires ecological support 

data and so the second and third paper used AVHRR NDVI data to 

examine the effect of floodwaters on the ecosystem. Remote imagery 

analysis was necessary because direct hydrologic measurements were 

not available in many areas under study. In the second paper a 

procedure was developed so that a Delta Response Index (DRI) for the 

Delta could be estimated. Dr. Steve Yool provided invaluable guidance 

for the DRI procedure and the subsequent examination of the Laguna 

Salada in the third paper. Dr. Tom McGuire provided insight and 

information on the shrimp fishery in the Gulf of California that was 

utilized in the final paper. 
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Chapter 2 - Present Study 

Paper 1 is concerned with legal issues involved in the utilization and 

management of the Colorado River. The "Law of the River," a collection of 

federal and state statutes. Supreme Court cases, contracts, and treaties 

with Mexico developed over the last 100 years governs the use of the 

Colorado River. The "Law of the River" and its focus on maximizing the 

'beneficial use' of the River's waters for humans places little or no value 

to ecosystem conservation or enhancement. The Endangered Species Act 

(E^A) offers the best legal option for increasing movement of freshwater 

resources into the Delta and Gulf (Postel et al.. 1998; Wilson, 1994). 

Large floods associated with ENSO (Livezey et al., 1997; Piechota et al., 

1997) are the primary mechanisms through which water has entered the 

upper Gulf in recent years (Gleim et al., 1996; Holbert, 1984). The EiSA 

can be enforced in Mexico if the Mexican government does not interfere 

with flood flows or any other water releases intended to benefit 

endangered species habitat. Showing intent by the Mexican government 

to promote flow of fi*eshwater to reach the Delta could be done through a 

few simple steps which are discussed in the first paper. 

Paper 2 is concerned with how the Delta ecosystem has been impacted 
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by intermittent freshwater flows during flood years. Local researchers 

have examined the Delta extensively (cf. Zengel et al., 1995; North 

American Wetlands Conservation Council, 1998; Glenn et al., 1992) and 

the current research was coordinated with these studies. During 

interviews in the region, ongoing research projects in the Delta and Gulf 

were discussed with Biosphere Reserve personnel. This study was 

designed to help address current deficiencies in information. 

AVHRR satellite imagery was utilized to examine the ecological impacts of 

freshwater cessation. Normalized Difference Vegetation Index (NDVI) 

values for each date were used and these values correlated to water flow 

beyond the US-Mexico boundary. NDVI provided a sequential estimate of 

vegetation health over twelve years and a means of monitoring 

perturbations in Delta vegetation. These wetlands are crucial habitat for 

the Yuma Clapper Rail and other US listed endangered species. The 

health of this habitat is a crucial determinant of species survival. 

Paper 3 addresses ecological impacts in the Gulf and used the local 

shrimp industry as an example of how ecosystem health influences 

himian actions in the area. Local shrimp fishermen and some 

researchers have claimed that the resimiption of Colorado water flow 

during the 1983 flood restored shrimp fisheries for a period. Validating 



17 

this freshwater flow could be an important link to establishing the 

economic importance of promoting Colorado River flows to the ecosystem 

of the upper Gulf. Freshwater creates a salinity-gradient that predators 

cannot readily penetrate and thus enhances habitat for immature shrimp 

and other species (Jassby et al.. 1995). Analysis shows that very little 

water actually reaches the Gulf and so other factors such as overfishing 

may have contributed to past declines in shrimp populations during 

nonflood years. It was found that the bulk of the floodwaters are 

diverted into the Laguna Salada and never enter the lower Delta or Gulf 

(cf. Jimenez et. al.. 1984). 

Human alterations to the hydraulic channel characteristics of the 

Colorado River are the cause of greatly impaired freshwater delivery into 

the Delta and Gulf even during ENSO flood years. Interviews were 

conducted with personnel at the Biosphere Reserve in Mexico, Morales 

Dam in Mexico, the U.S. Bureau of Reclamation in Yuma and U.S. 

Geological Survey in Yimia in order to obtain detailed information and 

personal insights on the impacts of diversions and impoundments on the 

River cind adjoining habitat. Information on the volume of historic flows 

of the Colorado was collected from the Bureau of Reclamation, USGS, 

and Morales Dam. This information created a clear picture of how much 

water crosses the border into Mexico and how much water is diverted to 
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Mexican. However, once the Colorado moves south of the Morales Dam 

diversion, there are several paths it can take. It was determined that the 

diversions into the Laguna Salada remove a large volume of water that 

otherwise would flow into the Gulf. Freshwater flows through the Delta 

and into the Gulf were characterized using NOAA AVHRR images. 

Satellite imagery was used because it was the only indirect data source 

with the temporal and spatial resolution necessary to reconstruct the 

flow (Atkinson and Curran, 1997) in these remote regions. 

Ducks Unlimited, an environmental organization, has proposed to re

build a natural earthen dam that had been destroyed by the 1983 flood 

(Payne et al.. 1992). This dam had slowed the flow of water from the 

upper Delta into the lower Delta and Gulf and had allowed the Rio Hardy 

wetlands to expand greatly. Its destruction by the immense power of the 

1983 floods has decreased the Rio Hardy wetlands area by two thirds 

(Postel et al.. 1998). The Ducks Unlimited proposal was rejected by 

Mexico because it was concluded that such channel manipulations were 

not in keeping with the spirit of a Biosphere Reserve (Streeter. 1999). 

Initiatives such as the Ducks Unlimited proposal should be considered 

for potential benefits of freshwater flow all the way to the Gulf. 
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Simvnary 

Intense political machinations have resulted as cities and farms have 

grown and demanded increasing amounts of freshwater. This research 

carefully delineates the impacts of climate variability on a region highly 

vulnerable to slight changes in river flow volumes. Since the Colorado is 

already heavily engineered and thus capable of being managed to capture 

the benefits and mitigate the damages of climatic fluctuations, an 

understanding of ecological impacts caused by the current channel 

hydrology can lead to ideas and proposals for improving the process of 

managing and utilizing the Colorado River. Enlightened river 

management could benefit both the ecosystem and inhabitants of the 

Delta and the upper Gulf of California. This work contributes information 

on climate variability, water management theory, resource scarcity 

theory, and remote sensing methodology. Results from this research 

could serve an international audience, addressing key issues relating to 

water resource management in borderland regions. 
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I. Introduction 

Like most rivers, the Colorado River has an outlet to the sea. 

Unlike nearly all other major rivers in the world, the Colorado no longer 

reaches the sea during a normal year due to human diversions. The 

Colorado's Delta region was in former times a rich oasis in the arid 

Southwest. After the completion of Glen Canyon Dam in 1968, It became 

a desiccated salt flat with a very few remnants of vegetation. Yet these 

remnants preserve a remarkable number of US endangered species. 

Preserving these small wetlands and their important species could be 

accomplished by allowing a small amount of the River's flow to remain in 

the channel, flow through the Delta and reach the Gulf of California. 

However, legal allocations in the arid Southwest have made this prospect 

dim until recendy. 

Mexico has been presented with an historic opportunity to receive 

additional water from the main stem of the Colorado River. This water 

would be used to secure the ecological survival of the Upper Gulf of 

California and the Colorado River Delta. The United States is currently 

involved in a re-assessment of water management policies to benefit 

endangered species that inhabit the Lower Colorado River Watershed. 
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The Lower Colorado River Multi-Species Conservation Plan (MSCP) is 

intended to be the authoritative River management plan for the next fifty 

years. During the MSCP planning period, Mexico has an unusual 

opportunity to press for additional allotments of water to preserve 

endangered species at the end of the Colorado River. This area comprises 

the Alto Golfo de California y Delta del Rio Colorado (AGDRC) Biosphere 

Reserve in Mexico. Increased water could potentially promote a 

potentially vibrant ecotourism industry in the reserve in addition to 

protecting endangered species. i 

Compiled for the MSCP, a recent Biological Assessment for the 

Lower Colorado noted the presence of numerous endangered species in 

the Delta and Upper Gulf of California.^ A reasonable interpretation of 

the Endangered Species Act (ESA) would force the US to provide water 

for the Delta if Mexico would undertake certain actions to ensure that 

there would be no disturbance of flows once across the border so that 

they would continue unimpaired to the Delta and Gulf for maximum 

endangered species benefits. These actions will entail the surrender of 

' S. L. Postel, J. I. Morrison, & P. H. Gleick, Allocating Fresh Water to Aquatic Ecosystems: The Case of 
the Colorado River Delta, 23 WATER INTERNATIONAL 119 (1998). 
~ Species include the Yuma clapper rail, desert pupfish. and southwestern willow flycatcher in the [Delta; 
the vaquita (Guif harbor porpoise) and the totoaba in the Gulf of California. See U-S. Bureau of 
Reclamation, Description and Assessment of Operations, Maintenance, and Sensitive Species of the Lower 
Colorado River Rnal Biological Assessment E^pared for U.S. Fish and Wildlife Service and Lower 
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some sovereignty on the part of Mexico. However, the rewards of a 

vibrant Auctioning ecosystem in the biosphere reserve should outweigh 

any losses. In the absence of action by Mexico, an ESA-based lawsuit^ is 

doomed to failure. 

For additional water to reach the delta, supplies of this water in an 

overallocated system are needed'*, and there must be a legal regime to 

allow use of this water for conservation purposes. This article will focus 

on the current legal regime and determine what prerequisites are 

necessary for the E^A to have applicability in the Delta. In Section II. I 

examine the Multi-Species Conservation Plan and how the ESA has 

developed. Section III looks at a specific case study within the Delta and 

then at the Delta as a whole. Section IV examines the steps necessary 

for Mexico to ensure that the ESA is applicable in the Delta. The 

overriding consideration is that the Colorado is a bi-national river and 

Colorado River Multi-Species Conservation Program. BOR, Lower Colorado Region. (1996). (hereinafter 
1996 BOR Biological Assessment) 
^ Such a lawsuit is now pending. See American Humane Association. Asociacion Ecologica de Usuarios 
del Rio Hardy-Colorado. Biodiversity Legal Foundation. Bradshaw Mountain Wildlife Association. Center 
for Biological Diversity. Centro Regional de Estudios Ambientales y Socioeconomicos. Defenders of 
Wildlife. Earth Island Institute, El Centro de Derecho Ambiental e Integracion Economica del Sur. A.C.. El 
Centro de Estudios de Desierto y Oceanos, Forest Guardians. The Humane Society of the United States. In 
Defense of Animals, Sierra Club, and Southwest Toxic Watch. Notice of violations of the Endangered 
Stiecies Act relating to lower Colorado River activities. December 14. 1999. (Notice of intent to sue the US 
Bureau of Reclamation, US Fish and Wildlife Service (FWS), US Department of Interior. US National 
Marine Fisheries Service (NMFS). National Oceanic and Atmospheric Administration. US Department of 
Commerce, US Department of State. International Boundary and Water Commission (IBWC) and the US 
Army Corps of Engineers). 
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any ecosystem improvements for endangered species will require action 

on the part of both Mexico and the United States. 

n. Background 

The Multi-Species Conservation Plan 

The Lower Colorado River Multi-Species Conservation Plan is a 

multi-jurisdictional effort involving state, federal, and tribal governments 

along with various public and private stakeholders in the Lower Colorado 

Basin. The MSCP was initiated by the Department of Interior with the 

states of Arizona. California, and Nevada in 1995.® The Plan attempts to 

provide a coordinated, comprehensive conservation program for the lower 

Colorado River within the 100-year floodplain by "working toward the 

recovery of listed species through habitat and species conservation, and 

attempting to reduce the likelihood of additional species listings under 

the Endangered Species Act."® The MSCP is intended to satisfy E^A 

requirements for Bureau of Reclamation operations on the Lower 

•* Postel et al.. supra note 1. See also. Frank Wilson, 1994. A Fish out of Water: A Proposal for 
International Instream Flow Rights in the Lower Colorado River. 5 COLORADO J. INT'L. ENVTL. L & 
POLICY 249 (1994). 
'65 Fed Reg 43031 
* http://www.lcnnscp.org/index.htinl 
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Colorado for the next fifty years^ so that project-by-project evaluations 

are no longer necessary. 

A prerequisite for the parties entering into the MSCP was 

'assurances' or 'no surprises' and they are an integral part of the 

understanding.® The "assurances' are guarantees that there will be no 

new E^A requirements for the Colorado River after the management plan 

has been approved by Congress. 'No surprises' offers security to the 

participating agencies so that once the environmental commitments are 

made in the MSCP there will be no additional endangered species 

consultation requirements in the future. Water managers want to avoid 

the spectre of the E^A hanging over water machinations for the next fifty 

years - the planned duration of the MSCP. 

A major inadequacy in the MSCP is its scope: it fails to consider 

the impact of Bureau of Reclamation actions in the Colorado River Delta 

in spite of the obvious hydrological and ecological connectivity of the 

river as a whole. ^ The two conservation organizations that had been 

participating on the MSCP steering committee (the Center for Biological 

^64 Fed Reg 27000 
^ A recent Law of the Colorado River conference held in Tucson (May 4-S, 2000) was attended by 
representatives of many of the parties to the MSCP and the 'assurances' were noted as the major reason 
that the parties were involved in the process. 
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Diversity and the Defenders of Wildlife) withdrew in 1998 due to this and 

other perceived flaws in the planning process. The Justification for not 

including the Colorado River Delta is its location in Mexico and perceived 

limitations in ESA application outside of the United States. Mexico is a 

sovereign government and the MSCP steering committee feels it does not 

have the authority to extend its scope beyond the US boundaries. i ^ 

However, if the ESA extends beyond US territory, then the MSCP would 

need to follow suit. 

In the absence of proactive action by Mexico, the MSCP committee 

has removed the Colorado River Delta from their planning horizon. The 

MSCP will be presented to Congress with this expressed limitation and 

then Congress will assume the risk if it accepts the MSCP. In other 

words, if Congress enacts the MSCP with this stipulation, then the 

agencies, states and tribes have done their fair share for the Lower River 

ecosystem and any ecosystem or EiSA mitigation in the Delta will have to 

be undertaken with appropriated flmding fi-om Congress. 

' 65 Fed Reg 43032. The scope of the MSCP is "for the lower Colorado River basin within the 100-year 
floodplain from below Glen Canyon Dam to the Southerly International Boundary with Mexico." 

See The Arizona Daily Star, November 8. 1998. 
" Treaty Respecting the Utilization of the Waters of the Colorado and Tijuana Rivers, and of the Rio 
Grande. Feb. 3. 1944.59 Stat. 1219 (hereinafter the 1944 Treaty) 
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Mexico has shown interest in the issue, but so far has not directly 

requested additional water for the Delta. Mexico's Department of Interior 

(SEMARNAT) recently protested the adoption of Colorado River Interim 

Surplus Criteria. 12 which is intended to allow California to move towards 

limiting its usage of Colorado River water to its allocated 4.4 MAF.i^ 

Limiting California's usage is a pre-requisite of the MSCP. Additionally. 

Mexico agreed to Minute 306. an addition to the 1944 Treaty to 'consider 

a conceptual framework for cooperation ... concerning the riparian and 

estuarine ecology of the Colorado River in its limitrope section and its 

associated delta."'"* However. US officials have assured Colorado River 

users in the US that Minute 306 "is merely a concept" and "there are no 

specific action items."Thus, while Mexico is concerned, no specific 

actions have been taken to change the situation. 

An example will illustrate what the exclusion of the Delta means in 

practice for the MSCP. One of the four major endangered species on the 

January 24''*. 2001 letter from the Secretaria de Medio Ambiente y Recursos Naturales (SEMARNAT), 
Mexico to the U.S. Departments of State and Interior. This lener says that the impacts on the border and 
Delta will be severe and that adoption of the criteria will be inconsistent with the La Paz border 
environmental agreement between the US and Mexico. 

See generally the PACfflC INSTTTUTE COMMENTS ON THE COLORADO RIVER INTERIM 
SURPLUS CRITERIA DRAFT ENVIRONMENTAL IMPACT STATEMENT. Sept. 8, 2000. Pacific 
Institute for Studies in Development, Environment and Security. Oakland CA. www.pacinst.org. 
'•* Minute 306, December 12, 2000, International Boundary and Water Conunission. EI Paso. Texas. 

Quoted in Lisa Snedeker. Colorado River Plan Agreement doesn't give water away to Mexico. 
December 16,2000, ASSOCIATED PRESS-

http://www.pacinst.org
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Lower Colorado River^® is the Yuma Clapper Rail [Rallus longtrostris 

yumanensis), of which nearly one half of the population lives in the 

Delta. The Biological Opinion of the USFWS noted: 

"Almost the entire population of Yuma clapper rails on the Colorado 
River in the United States, and approximately one half of the total 
population of this species, occurs within the action area. Most of 
the entire remaining half resides downstream on the Colorado River 
and its delta in Mexico. Therefore, the proposed action has the 
potential to significantly affect almost the entire range of the 
species." (emphasis added) 

This explicit recognition of the potential impact of US water planning 

efforts on the Mexican populations of the Yuma clapper rail is 

disregarded in the rest of the document. Similar acknowledgements of 

the existence of other endangered species in the Delta are made and then 

ignored. Under the Chevron doctrine, courts must defer to the agency's 

interpretation of a statute such as the E^A so long as it is reasonable 

and consistent with the statutory purpose. However, if the facts 

change, i.e. Mexico promises to allow water released to reach the Delta, 

then the courts could certainly order a re-examination of the Biological 

Opinion and this statement would dictate that the Mexican Delta be 

included in ESA planning efforts. 

" See footnote 2 supra for a list of the species. 
1996 BOR Biological Assessment 
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The Endangered Species Act 

The Endangered Species Act was passed in 1973 and its provisions 

can be extremely rigorous. If a federally listed endangered species is 

threatened by an activity, then that activity must halt or mitigation 

measures must be taken to preserve the species.20 The National 

Environmental Policy Act (NEPA) and other environmental laws strictly 

govern federal activities. The enforcement of these laws constitutes an 

'action', which is regulated under section 7 of the ESA.21 The 

combination of E^A, NEPA, and other requirements place federal actions 

under very close scrutiny if there are potential impacts to a species. The 

US Fish and Wildlife Service (USFWS) has been given the major 

responsibility for determining what species are listed as Endangered or 

Chevron U.S.A.. Inc. v. Natural Res. Def. Council. Inc.. 467 U.S. 837. 842-44 (1984). See E. P. Hicks. 
/Vote: Designation Without Conservation: The Conflict Between the Endangered Species Act and its 
Implementing Regulations, 19 VA. ENVTL. LJ. 491 (2000). 
" Its purpose "is to provide for conservation, protection and propagation of endangered species of fish and 
wildlife by Federal action." From the congressional hearing records as quoted in R. A. Just. Comment: 
Intergenerational Standing under the Endangered Species Act: Giving Back the Right to Biodiversity after 
Lujan V. Defenders of Wildlife. 71 TULANE L. R. 597 (1996). See also J. L. Bricker. & D. E. Hlippi. 
Endangered Species Act Enforcement and Western Water Law, 30 ENVTL. L 735 (2000). 
^ The declaration of critical habitat halted construction of the SlOO million Telico Dam (see Tennessee 
Valley Authority v. Hilt 437 U.S. 153 (1978)) forcing Congress to change the law to allow some 
exemptions for economic or other considerations. T. F. Darin. Comment: Designating Critical Habitat 
under the Endangered Species Act: Habitat Protection Versus Agency Discretion. 24 HARVARD 
ENVTL. L. R. 209 (2000). 

16 U.S.C.§ 1536(1994) 
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Threatened, the presence of a listed species in an area, and whether an 

action will harm a listed species.22 

During a NEPA environmental review process, the USFWS is called 

in for consultation on the presence of a species and potential harm 

resulting from the action.23 The Fish and Wildlife Service has been 

actively involved in the MSCP process and prepared the Biological 

Assessment for the Colorado main stem and the Delta region.^-t The Gulf 

of California was also considered, but in early documents the Bureau of 

Reclamation made the determination that there were too many factors 

beyond US control in this biome and so the aquatic vaquita and totoaba 

are permanently excluded from US planning considerations.25 Mexico's 

government has been unable to protect these species. Without control 

over illegal fishing and accidental catch, additional freshwater would 

jrield no net benefits to the totoaba or the vaquita.26 

The responsibility of the federal government in protecting 

endangered species along the main stem of the Colorado in the US is 

~ 16 U.S.C. § 1533 (1994). The NMFS has jurisdiction over marine species including anadromous fish 
species. See Bricker and Filippi. supra note 18. for a general discussion. 
^ 16 U.S.C. § 1536 (a) (1994) 

Fish and Wildlife Service, Biological and Conference Opinion on Lower Colorado River Operations and 
Maintenance, FWS. New Mexico (1997) (hereinafter 1997 FWS Biological Opinion). 
^ 1996 BOR Biological Assessment, supra note 2. 
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unquestioned. The issue becomes problematic once the border with 

Mexico is crossed and another sovereign government is involved. While 

there is no authorization for critical habitat designation outside of US 

jurisdiction.27 the U.S. Supreme Court has never directly addressed the 

extraterritorial application of other articles of the ESA.28 There is a 

strong argument that legislative intent was to apply the ESA to agency 

actions with extraterritorial impacts.29 However, interested attorneys 

have argued that the ESA does not apply in Mexico for reasons 

mentioned previously in this paper: because the US has no control over 

what happens once Colorado River water crossed the border with 

Mexico.3o Ten million acre-feet (MAF) could be released across the 

^ These two species are very rare and have been endangered for many years. Due to incidental fishing by-
catch and ecological damage, the vaquita is the most endangered cetacean in the world. Infra note 2 for a 
list of affected species. 

50 C.F.R. § 424.12(h). See generally Wilson, supra note 4. 
^ See D. A. Farber. Symposium: Surveying Law and Borders: Stretching the Margins: The Geographic 
Nexus in Environmental Law, 48 STAN. L. REV. 1247 (1996). In Lujan v. Defenders of Wildlife, 112 S.Ct. 
2130 (1992) the court ruled upon standing issues and not the substantive ones. The lower courts in the case 
ruled that the ESA did apply abroad and this has never been overruled. S. Rice. Note: Standing on Shaky 
Ground: The Supreme Court Curbs Standing for Environmental Plantiffs in Lujan v. Defenders of Wildlife 
39 St. Louis Law Journal. 199 (1993). Also, the extra-territorial application of the National Environmental 
Policy Act (NEPA) in Environmental Defense Fund v Massey 986 F.2d 528 (D.C. Cir. 1993) would seem 
to provide precedent for application of the ESA in the present instance. See S. M. Riechel, Note: 
Governmental Hypocrisy and the Extraterritorial Application of NEPA, 26 CASE W. RES. J. INT'L L. 
115.(1994). 

'The United States has pledged itself as a sovereign state in the international community to conserve to 
the extent practicable the various fish or wildlife and plants facing extinction." 16 U.S.C.§ 1531 (a)(4) 
(1988). For more in-depth background see generally M. A. McDougall. Note and Comment: 
Extraterritoriality and the Endangered Species Act of 1973, 80 GEORGETOWN L. J. 435 (1991). 

'The reduction in Colorado River flows below the SIB (Southern International Border) has had an affect 
(sic) on the historical ecosystem of the delta. However, these reductions have been instituted through an 
international treaty, and the diversion and use of such water is solely at Mexico's discretion... It is not 
within Reclamation's discretionary authority on the lower Colorado River to augment or make unilateral 
adjustments to water deliveries to the international border." 1996 BOR Biological Assessment, supra note 
2 at 191. 
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border, but there would be no ecosystem and endangered species 

benefits if the water is simply diverted to agricultural or urban use once 

it is under Mexican control. 

Mexican sovereignty along with the de minimis nature of any 

specific agency action on the Colorado's flow has meant that agencies 

could ignore the Delta in prior project planning.^i However, the scale of 

the MSCP is sufficient to overcome any de minimis limitation. So if 

Mexico can conclusively demonstrate that any additional water that 

crosses the border would be allowed to enter the Delta, then 

presumptively, actions under the MSCP that did not protect the 

endangered species in Mexico would be enjoined.^z 

m. The Colorado River Delta and the ESA 

The Ex€unple of the Cienega de Santa Clara 

The controversy surrounding the Cienega de Santa Clara (Cienega) 

elucidates the potential application of the ESA in the Delta and provides 

precedent for using Colorado River water to promote the survival of 

Wilson, supra note 4. 
See McDougall. supra note 29. See also Tennessee Valley Authority v. Hill 437 U.S. 153 (1978) for the 

extent that the law can impact agency action. 
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endangered species in the region.^a This is ironic considering the 

ecosystem and endangered species benefit are an inadvertent and 

unintended result of unrelated salinity problems in the Colorado River 

deliveries to Mexicali.34 

The Cienega is the largest wetland in the Sonoran desert^s. It is 

removed from the channel of the Colorado River and had been devastated 

earlier in the century after the completion of Hoover Dam. It became a 

lifeless salt flat for many decades, but recovered with the fresh infusion 

of water beginning in 197736. The Wellton-Mohawk Main Outlet Drain 

Extension (MODE) was constructed after the negotiation of Minute 242 in 

1973.37 Minute 242 was negotiated due to extreme salinity of water 

delivered to Mexicali at the Morales Dam diversion beginning in the 

1960's.38 The excess salinity resulted from agricultural activity in the 

S. J. Newcom. Deciding about the Colorado River Delta Rejuvenated Wetlands Raise New Issues About 
Where Flood Waters Should Go. RIVER REPORT 1 (Spring 1999) 
^ For a detailed description of the rebirth of the Cienega. see E. Glenn. R. S. Felger, A. Burquez, & D. S. 
Turner, Cienega de Santa Clara: Endangered Wetland in the Colorado River Delta, Sonora, Mexico, 32 
NATURAL RESOURCES J. 816 (1992). 

Richard Felger. Synopsis of the vascular plants of northwestern Sonora, Mexico, 2 ECOLOGIA 11 
(1992). 

Zengel. S. A., V. J. Meretsky. E. P. Glenn, R. S. Felger, & D. Ortiz. Cienega de Santa Clara, a remnant 
wetland in the Rio Colorado delta (Mexico): vegetation distribution and effects of water flow reduction. 4 
ECOLOGICAL ENGINEERING 19 (1995). 

Agreement Confirming Minute no. 242 of the International Boundary and Water Commission. United 
States and Mexico. Effected by Exchange of Notes Signed at Mexico and Tlatelolco August 30, 1973. A 
minute is an addition to the 1944 Treaty governing the Colorado River between the US and Mexico. See 
M. B. Hotburt, International Problems on the Colorado River, 6 WATER SUPPLY & MANAGEMENT 
115(1982). 

D. B. Furnish, & J. R. Ladman, The Colorado River Salinity Agreement of 1973 and the Mexicali Valley, 
15 NATURAL RESOURCES J. 83 (1975). 
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Wellton-Mohawk Irrigation district in Arizona and diversion of the highly 

saline water to the Cienega was undertaken while a desalination plant 

was built in Yuma.39 This agricultural drainage has continued to flow to 

the Cienega since that time.'*® 

From its parched state, the Cienega grew to 20,000 hectares'* ̂ and 

wildlife has flourished.'*  ̂ Once the presence of the endangered Yuma 

Clapper Rail and other species was established by University of Arizona 

researchers, such as Richard Felger and Ed Glenn,'*  ̂efforts began on the 

parts of many environmental organizations to protect the area and 

ensure that water flows did not diminish once the desalinization plant 

began to operate.'*'* The federal government was forced to respond and in 

the recent Biological Opinion created partially in response to the MSCP, 

the presence of the Clapper Rail in the Cienega. as well as in other areas 

Jan V. Schilfgaarde. The Wellton-Mohawk Dilemma, 6 WATER SUPPLY & MANAGEMENT 115 
(1982). 

See Postel et al., supra note 1; and see E. Glenn. J. Garcia. R. Tanner, C. Congdon, & D. Luecke. Status 
of Wetlands Supported by Agricultural Drainage Water in the Colorado River Delta. Mexico, 34 HORT. 
SCL 39 (1999). Note that the Riito drain from the US also provides water to the area according to M. K. 
Briggs & S. Cornelius. Opportunities for Ecological Improvement along the Lower Colorado River and 
Delta, 18 WETLANDS 513 (1998). 

See Postel et al. supra note I. 
ibid 
Felger. supra note 34; Glenn et al.. supra note 33. 
(e.g. Ducks Unlimited, Conservation International, World Wildlife Fund and Defenders of Wildlife) 

Species include Virginia Rails, least bitterns, American Coots, dowitchers, white-faced ibis, green-backed 
heron, ducks and many geese. See Postel et al.. supra note I. 
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of the Delta, was officially recognized by the US Fish and Wildlife 

Service.'*^ 

The Cienega is a compelling case-study because it is solely 

supported by US waters and Mexico has not asserted any control over 

the water or made any diversions.'*® The Bureau of Reclamation is not 

'saved' by Mexican sovereignty from considering the impacts upon the 

Cienega if it begins operation of the desalination plant.'*^ Actions by US 

agencies to curtail flow through MODE would have direct, devastating 

impact on the Endangered Species and would constitute a taking under 

section 9 of the ESA'*® and would presumptively result in a 'jeopardy 

opinion' under section 7 and thus enjoin the action.'*® The Bureau of 

Reclamation in a science report has recognized that replacement water 

would be needed if the Desalinization Plant becomes operational^o but no 

policy announcement has been made. 

1997 FWS Biological Opinion supra note 23. 
^ Postel et al.. supra note 1. Note that according to Zengel et al.. supra note 3S, cattle grazing occurs in the 
Cienega in limited areas. 
" See Wilson, supra note 4 at 261 (footnote 80) for a discussion of the Yuma Desalinization project. 
** However, section 9 'taking* of endangered species is limited to the US and its territories; See 16 U.S.C. § 
1538. 
•" See 16 U.S.C. § 1536(b)(3)(A) (1988) for enjoining language and 16 U.S.C. § (e) (1988) for the TVA v. 
Hill exemption. See Glenn et al.. supra note 33 for a detailed description of expected impacts. 
^ E. Burnett. E. Kandl. & F. Croxen. 1993. Cienega de Santa Clara: Geologic and Hydrolcgic 
Comments. U.S. Bureau of Reclamation. Yuma Projects Office, Yuma, Arizona as cited in Glenn et al.. 
supra note 39. 
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Application to the Colomdo River Delta as a Whole 

The species of concerns i in the Cienega are present in other 

existing wetland areas^z of the Delta - notably the El Doctor wetlands 

and the Rio Hardy Wetlands.^a Additionally, totoaba^^ and vaquita (the 

most endangered cetacean in the world) are present in the Biosphere 

Reserve^s. All of these species are either directly or indirectly dependent 

upon freshwater flows and projects are underway to preserve habitat.se 

Thus, it is necessary to recreate the legal conditions of the Cienega in 

other wetlands of the Delta. If Mexico can demonstrate conclusively that 

the US government or US interests would be the only entities 

Delta species include the Yuma clapper rail, the green sea turtle, the desert pupfish etc. Postel et al. 
supra note 1; See note 2 supra for a list of endangered species in the Delta. 

Wetlands mainly exist where agricultural drainage water is discharged or in a few instances where 
groundwater upwells to the surface. See Postel et aJ.. supra note 1. 

See Briggs & Cornelius, supra note 39. The Rio Hardy Wetlands are supported by agricultural runoff 
and geothermal wells while the El Doctor wetlands are supported by artesian springs. See E. Glenn. C. 
Lee, R. Felger. & S. Zengel. Effects of Water Management on the Wetlands of the Colorado River Delta. 
Mexico. 10 CONSERVATION BIOLOGY 1175 (1996). Also, there are several stretches of riparian forest 
along the main channel of the Colorado. The destruction of a natural dam in the Rio Hardy wetlands led to 
greatly reduced size of the wetlands after the 1983. See J. M. Payne. F. A. Reid, and E. C. Gonzalez. 
1992. Feasibility study for the possible enhancement of the Colorado River delta wetlands, Baja California 
Norte. Mexico. Report to Ducks Unlimited, Inc.. and Ducks Unlimited of Mexico. Sacramento. CA. USA. 
Ducks Unlimited and Ducks Unlimited Mexico offered to rebuild the dam but it was seen by Mexican 
officials as not in keeping with the spirit of a Biosphere Reserve. Robert Streeter. Ducks Unlimited. 
Personal Conununication. April 22. 1998. 
^ M. Cisneros-Mata, G. Montemayor-Lopez, Sc M. Roman-Rodrequez. Life History and conservation of 
the Totoaba macdonaldi. 9 CONSERVATION BIOLOGY 806 (1995); C. A. Hanagan, & J. R. 
Henderickson. 1976. Observations on the Commercial Fishery and Reproductive Biology of the Totoaba 
Cynoscion macdonaldi in the Northern Gulf of California, Mexico, 74 FISH. BULL.. 531 (1976). 

1996 BOR Biological Assessment, supra note 2. 
" See North American Wetlands Conservation Council. 1998. Manejo y Restauracion de Humedales en el 
Delta del Rio Colorado: Los Frimeros Pasos. (Management and Restoration of the Colorado River Delta 
Wetlands). 
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substantially affecting water and water use in the delta, then water 

presumptively would need to be allocated for the Delta. 

The US (or even Mexico) cannot control the fishing pressures that have 

decimated the totoaba and vaquita. Mexico banned the fishing of totoaba 

in 1975 and yet it has continued to be caught illegally and its population 

is very small.s^ The Biosphere Reserve has both a marine and terrestrial 

component and the bifurcated nature of the reserve is problematic for 

policing of fishing regulations.^s Local fishermen are dependant upon 

the Gulf for economic survival and will be severely impacted if fishing is 

halted. Increasing water flow into the Gulf of California would provide 

ecosystem benefits to these species and no doubt increase their long-

term survival.59 The reduction of Colorado River water has lessened the 

silt load and nutrients carried into the system®® and reversed the salinity 

gradient normally present in a delta that is necessary for juvenile aquatic 

^ See generally Wilson, supra note 4. for the decline of the Totoaba. 
See McGuire. T. R. and G. C. Valdez-Gardea. 1997. Endangered Species and ftecarious Lives in the 

Upper Gulf of California. Culture &. Agriculture, 19(3):10i-l07 for the general review of the upper Gulf 
inhabitants and the Biosphere Reserve. 
" J. E. Valdez-Holguin, & J. R. Lara Lara. Productividad Primaria en El Golfo de California: Efectos del 
Evento El Nino 1982-1983, 13 CEENCIAS MARINAS 34 (1985); But See M. Vasqitez-Leon. & T. R. 
McGuire. La Iniciativa Privada in the Mexican Shrimp Industry. 6 MARITIME ANTHROPOLCXjICAL 
STUDIES 59 (1993) for an explanation of how overfishing impacts the ecosystem. 

See J. D. Carriquiry & A. Sanchez, Sedimentation in the Colorado River Delta and Upper Gulf of 
California After Nearly a Century of Discharge Loss, 158 MARINE GEOLCXiY 125 (1999). 
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species survival.®' This is believed by many to cause a marked decline in 

the Gulf fisheries.62 

The presence of the Biosphere Reserve provides two benefits to the 

Delta. First, the Mexican federal government has ownership and control 

of the surface area and can limit the impact of private wells and use of 

the land. More importantly, rare species will be protected, so that the 

nascent development of an ecotourism industry, especially among bird 

watchers®^, provides the economic incentive to forgo the potential 

benefits the water would have in municipal or farm use.®^ 

IV. What must Mexico address? 

In the simplest terms, Mexico must pledge that there will be no 

new diversions if additional water is released across the border. By 

" The flow of freshwater creates a salinity gradient in a normal delta that protects juveniles of many 
species. See Generally Z. P. Zein-EIdin, & M. L. Renaud. Inshore Environmental Effects on Brown 
Shrimp, Penaeus aztecus, and White Shrimp, P. setiferus. Populations in Coastal Waters, Particularly of 
T^xas, 48 MARINE FISHERIES REVIEW 9 (1986). 

This decline was seen as being temporarily reversed during the mid-I980's due to ENSO-driven flood 
flows on the Colorado. M. S. Galindo-Bect, E. P. Glenn, H. M. Page. K. Fitzsimmons. L. A. Galindo-Bect, 
J. M. Hemandez-Ayon. R. L. Petty, J. Garcia-Hemandez, and D. Moore, Penaeid Shrimp Landings in the 
Upper Gulf of California in Relation to Colorado River Freshwater Discharge, 98 FISHERIES BULL.. 
222 (2000). See also Wilson, supra note 4, for Totoaba declines and freshwater flows from the River and 
See also C. A. Rodriguez, K. W. Flessa, & D. L. Dettman, Effects of Upstream Diversion of Colorado 
River Water on the Estuarine Bivalve Mollusc Mulinia Coloradoensis, 15 Conservation Biology 249 (2000) 
for mollusk populations. 
" There is a 'Grupo de Ecoturismo' in the Ejido Luis Encinas Johnson. This township is the closest to the 
Cienega de Santa Clara. See also. Postel et al., supra note I. 
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making such a pledge and instituting the steps necessary to enforce it. 

Mexico will create the presumption that additional water released will be 

devoted to ecosystem and endangered species preservation. This 

presumption should be enough to reconsider the Delta for ESA and 

MSCP planning purposes. 

The border area is growing quickly, especially with the passage of 

the North. American Free Trade Agreement (NAFTA), and water supplies 

are in high demand.®^ This pressure on fresh water sources comes as 

municipalities such as Mexicali, Tijuana, and Tecate experience explosive 

population growth.®® Maquiladora industries have greatly expanded 

along the border. These factories take advantage of cheap Mexican labor 

and lax environmental laws by manufacturing certain goods in Mexico 

from components made in the US.®'^ Also, the export market for fresh 

^ Also, a group of indigenous people, the Cucapa, live through extractive industry in the Delta, and revival 
of freshwater flows would have major social benefits to this group, ibid. 
^ See Evan Ward. Two Rivers, Two Nations, One History: The Transformation of the Colorado River 
Delta since 1940, II raONTERA NORTE 113 (1999) for an in depth discussion of development in the 
Oelta. 
** See Steven Mumme, Managing Acute Water Scarcity on the US-Mexico Border: Institutional Issues 
Raised by the 1990-s Drought, 39 NATURAL RESOURCES J. 149 (1999). 

Maquila mean *in bond' - i.e. goods produced along the border in Mexico firom US manufactured 
components are duty free as long as all of the goods produced are exported. These factories are usually 
US-owned and produce goods worth billions of dollars. See generally L Sklair. ASSEMBLING FOR 
DEVELOPMENT: THE MAQUILA INDUSTRY IN MEXICO AND THE UNITED STATES, Boulder: 
Weslview (1989); L. Sklair, The Maquila Industry and the Creation of a Transnational Capitalist Class in 
the United States-Mexico Border Region, IN:CHANGING BOUNDARIES IN THE AMERICAS: NEW 
PERSPECTIVES ON THE U.S. - MEXICAN, CENTRAL AMERICAN, AND SOUTH AMERICAN 
BORDERS. Lawrence Herzog. ed. San Diego: Center for U.S. - Mexican Studies (1992); E. R. Stoddard. 
Border Maquila Ownership and Mexican Economic Benefits: A Comparative Analysis of the Good, the Bad 
and the Ugly, 6 J. BORDERLAND STUDIES 23 (1992). 
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vegetables has increased dramatically in recent years and this water 

intensive industry has a great deal of political clout.®® 

Recent success of the opposition parties the PRD (Partido de la 

Revolucion Democratica)®® and the PAN (Partido Accion Nacional)7o in the 

border regions has meant that the ruling PRI (Partido Revolucionario 

Institucional)7i government must appease its allies and traditional 

supporters while offering benefits to the disaffected as wellJ^ The PRI, 

which had the longest running rule of any democratically elected party in 

North America, is traditionally the agricultural party. The opposition 

PRD and PAN are parties of the growing urban middleclass. The election 

of a PAN candidate in the recent Mexican presidential election has 

complicated the pictiire as traditional alliances are no longer applicable, 

and President Fox's policies will likely lend more political influence to the 

urban areas of the border at the expense of agriculture. 

Political and economic pressure on local and federal authorities in 

Mexico to divert and use any additional water intended for ecosystem 

Organization for Economic Cooperation and Development (OECD), 1997. Review of Agricultural 
Policies in Mexico. Report to the Committee for Agriculture and the Trade Committee. 
" www.prd.org.mx 
™ www.pan.org.mx 

www.pri.org.mx 
" V. Rodriguez & P. Ward. POLITICAL CHANGE IN BAJA CALIFORNIA DEMOCRACY IN THE 
MAKING? Center for U.S. - Mexico Studies: San Diego, CA. (1994). 
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preservation would be intenseJ^ But official diversions are not the only 

concern. The nature of the Delta's unconsolidated sediment means that 

any private wells in the Delta region would also adversely impact River 

flows. Direct diversions of the water for agricultural use in the border 

districts of Mexic£ili and San Luis Rio Colorado (SLRC) are the primary 

risk. 7'* Such diversions can be surface canals or subsurface flow through 

the hydraulic connectivity of the river channel with weUs in SLRC. The 

entire Delta region is a massive deposit of alluvial sediment that was 

scoured from the Grand Canyon and other rock along the Colorado's 

journey to the sea.^^ The unconsolidated sediments are very porous so 

that wells anywhere within the Delta are at least loosely connected to the 

surface flows.^® 

Surface diversions are not difficult to monitor using current 

technology. The only way to get water from the Colorado River to 

Mexicali is at Moreles dam, and these diversions can easfly be monitored. 

^ T. Waller, The Politics of Water Conservation in the Border Region of the Califomias. Ph.D. 
dissertation, the University of California, San Diego (1994). Waller reports that plans to divert water from 
Vfexicali farms for urban use in Baja California was undertaken to support urban gro\vth and draw votes 
away from the PAN in 1990. However, in order to placate agricultural interests. President Salinas had to 
concede hundreds of millions of pesos in investment to increase transport efficiency so that no farm fields 
lost any water. Also, he turned over control of the irrigation infhistructure to local interests in a significant, 
long-awaited reform. Thus, the interplay of politics delivers continued benefits to both the status quo and 
new users of water. 

The San Luis Rio Colorado Irrigation District (SLRQ is part of the historic delta and located adjacent to 
the biosphere reserve. Any water that is released to benefit the Delta would have to flow through this area. 
" Carriquiry & Sanchez, supra note 59. 

ibid. 
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The SLRC is more problematic as the channel of the Colorado runs 

through this district and farmers can directly divert any water in the 

channel. However, surface diversions could be detected using aerial 

methods to complement on-the-ground efforts.^® The limited number of 

acres currently in production is the major constraint on water use and 

diversions should not increase dramatically as long as agricultural 

acreage does not increase. 

The International Boundaiy and Water Commission (IBWC) is the 

body charged with upholding the 1944 Treaty and resolving disputes 

between Mexico and the United States.^^ Wells in SLRC within 5 miles of 

the US/Mexico border are currently monitored through the IBWC 

commission, as a means of ensuring that heavy groundwater pumping 

on one side of the border does not draw water away from the other side.®^ 

A pledge of "no new diversions" should be easy to enforce within the 

^ Satellite technology renders such observations simple even from a remote location. 
^ There is currently a great deal of surveillance targeted towards drug interdiction. In theory, some of the 
information generated could be used by the IBWC as they monitored surface water diversions. However, 
in practice this could be politically difficult to arrange. 
^ See Article 2 of the 1944 Treaty. For an in depth discussion of the powers and limitations of the IBWC, 
see S. Mumme, Innovation and Refom in Transboundary Resource Management: A Critical Look at the 
International Boundary and Water Commission, United States and Mexico, 33 NATURAL RESOUCES J. 
93 (1993); and H. Ingram and David White, International Boundary and Water Commission: An 
Institutional Mismatch for Resolving Transboundary Water Problems, 33 NATURAL RESOUCES J. 153 
(1993). 
^ As part of Minute 242. pumped groundwater from the US side of the S-mile zone is used to satisfy 
140.000 acre-feet per year of Mexico's 13 MAP allotment; See Furnish and Ladman. supra note 37. for a 
fiill discussion. 
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relatively small area of the SLRC, especially in light of the IBWC activities 

that are on-going. 

The expansion of agriculture in the SLRC area would not be 

appropriate because increased acreage would require additional water. 

However, in recent years, the extent of border agriculture has increased, 

especially in water-intensive vegetables.si This places additional 

pressures on the limited supplies of water. Mexico would need to make a 

pledge that no new acreage would be opened up to agriculture -

especially in the southern part of SLRC nearest the Biosphere Reserve. 

Monitoring the intensity of agriculture would be far more difficult, 

especially as the border region shifts from low water usage com and 

wheat to high water demand vegetables. However, a pledge of no new 

acreage along with monitoring of surface and subsurface water usage 

should be adequate to demonstrate that water flowing in the Colorado 

River would remain in the channel, which should be aU that is necessary 

to invoke Endangered Species Act protections. 

Increased tourism in the Delta along with regional economic 

factors has led to population growth in the Delta region, notably El Golfo 

de Santa Clara. Mexico will have to make a pro-active effort to address 
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the water needs of these people that does not require new water supplies 

from the Colorado River or the Delta.®^ Legally, it must be made clear 

that the ecosystem in the Delta region is the ultimate beneficiary of any 

additional water and has the only priority. As a major new Mexican 

initiative to preserve a section of the border region, these actions should 

dictate that border agreements would apply and force negotiation®^, 

especially in the face of the EISA. 

V. Conclusion 

Providing water to the Delta would have benefits for both the US 

and Mexico. The US would be 'donating' water for ecosystem protection 

to Mexico. This would blunt criticisms of the US that accurately point 

out that the US often tries to impose its will on lesser developed 

countries without providing the resources necessary for conservation.®^ 

Also it would be in keeping with the La Paz Border Environmental 

Agreement. Finally, the existence of endangered species in protected 

areas south of the border would assist species recovery efforts and 

See generally OECD. supra note 63. 
^ Briggs & Cornelius, supra note 39, emphasize that this eco-tourism development in birding. camping, 
and boating is a non-consumptive use of water and ecosystem resources. 
^ Border agreements such as NAFTA and the La Paz Border Environmental Agreement. 
" See initiatives to protect the Amazon and tropical forests 'Debt for Nature' swaps. Also, the Dolphin 
Safe Tuna cases under GATT. 
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spending. By including the Mexican habitat there would be a larger total 

area and each individual segment is in less need of protection. 

As it is currently devised, the MSCP is predicated upon the 'no 

surprises' guarantee. Once Congress has accepted the MSCP. the 

p£irticipating entities have complied with the ESA for the entire lower 

Colorado. This means that the US federal government will have 

responsibility for any additional commitments that could arise: such as 

the Delta. This is sound reasoning in the absence of action by Mexico. 

However, the more agencies that feel the risk to future allocations, the 

greater the opportunity for Mexico to claim some water for ecosystem 

preservation. So Mexico should press for an ecosystem allocation row 

because, once they are protected by the MSCP. states and agencies will 

be less likely to make concessions. Forcing water managers of the entire 

lower basin to address the issue now can be accomplished by making the 

guarantees suggested above and ofifers a far better chance of long-term 

success. 

Mexico's environmental record in the past has been criticized as 

economic constraints have limited available funds and planning 

flexibility during the country's development. The recent election of a PAN 

candidate is potentially a monumental event. The mandate for change 
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clearly expressed in President Fox's election offers the potential for new 

directions in Mexican policymaking. The actions suggested in this article 

provide a low cost way for Mexico to ensnre the sustainability of one of 

its Biosphere Reserves. Increased salinity gradients resulting from 

freshwater flow would enhance the ecosystem of the Northern Gulf (an 

important economic segment in the region) without decreasing any 

agricultural acreage or removing existing water supplies away from the 

increasingly thirsty border urban area. Also, it creates a potential eco-

tourism draw close to the US border and within easy driving distance of 

major US cities (San Diego. Tucson, and Phoenix). Finally, it 

demonstrates to the US and the world Mexico's commitment to the 

protection of its environment. 
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Abstract 

The Colorado River Delta in Mexico has several U.S.-listed Endangered 

Species. Methods that estimate the risks of hydrologic disruption would 

help protect the habitat of these animals, especially in remote areas like 

the Delta, where ecosystem and water availability monitoring does not 

occur. A Delta Response Index (DRI) was developed using NOAA 

Advanced Very High Resolution Radiometer (AVHRR) Normalized 

Difference Vegetation Index (NDVl) time series data. AVHRR NOVI data 

from a flood-fed wetland (Rio Hardy) and an agricultural run-off fed 

wetland (Cienega de Santa Clara) in Colorado River Delta in Mexico were 

used to develop the DRI. Analysis of the DRI in the Colorado River Delta 

since 1989 demonstrates the impact of floodwaters on the habitat of 

Delta endangered species, such as the Yuma clapper rail {Rallus 

longirostris yiunanensis) and desert pupfish {Cyprinodon rrujcularius). 

This finding may have significant environmental poliqr implications by 

removing Mexico as a potential intervening party between US fresh water 

releases and delivery to the Delta, and is relevant to current legal actions 

over Endangered Species Act (E^A) enforcement in Mexico. 
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Introduction and Background 

Environmental issues are typically not solely national matters. However, 

extensive baseline environmental data collection must occur within a 

given country. Successful biosphere monitoring requires techniques for 

cost-efifective data collection at regional scales because many countries 

often cannot afford to gather labor-intensive ground data (Maselli and 

Rembold, 2001). Policy-making also requires that data collection be 

conducted regularly at broad spatial scales. This paper describes a Delta 

Response Index (DRI) for large scale monitoring of sensitive wetland 

areas in the Colorado River Delta. The DRI is designed to be understood 

easily by policymakers and should be useful to the International 

Boundary and Water Commission (IBWC), the bi-national agenqr charged 

with overseeing Colorado River issues (Ingram and White. 1993). First 

we offer background on the Delta, the climate, and relevant endangered 

species. We next discuss the data and processing techniques used to 

derive the DRI. Finally, we explore the implications and future directions 

of the research. 

The opening of the American West and subsequent accommodation of 

growing human populations entailed the modification of many natural 

resources. Exploitation of surface and subterranean water resources has 

probably been the predominant environmental issue in the Southwestern 
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USA and Northwestern Mexico (Getches, 1993). The Colorado River Delta 

is an example of the impact humans in the two countries can have upon 

the shared environment: most of the once lush Delta has been 

transformed into irrigated farmland, while the remainder has become a 

barren salt flat (Pontius. 1997). In Mexico, only a small remnant still 

functions as a viable wetland (Glenn et al.. 1996; Payne et al., 1992). 

The River itself should not reach the Gulf under the current legal regime, 

as its waters have been divided among agriculture and urban areas, 

states and the two countries. Only during overwhelming natural flooding 

does water flow through diversion structures to reach the Delta (Postel et 

al.. 1998; Zengel et al.. 1995). 

Consumptive uses of Colorado River water and resulting impacts upon 

endangered species in the Delta have engendered political controversy 

and a pending lawsuit between environmental organizations and US 

governmental agencies (All. 2002). Our research quantifies the response 

of Delta vegetation to occasional US flood freshwater releases in excess of 

treaty requirements. We deal directly with the impact of seasonal floods 

on the biosphere and on the integrity^ of habitat for endangered animals. 



57 

The Regional Climate Setting 

More then 90% of the Colorado River's flow originates in the Roclqr 

Mountains, which is derived from macro-scale climate forcing 

mechanisms that determine the amount of snowfall the Rockies receive 

(Tarboton, 1995). The El Nino Southern Oscillation (ENSO) phenomenon 

is important source of variability modulating precipitation volumes 

(Piechota et al., 1997). We estimated the impact that periodic flooding 

has upon the regional ecosystem, comparing Colorado River flow during 

floods and 'normal' aridity to vegetation and climate indices. Certain 

conditions, such as El Nino, are expected to result in flooding on the 

Colorado (Redmond and Koch. 1991). which will reach Delta wetlands. If 

the wetlands have a positive response when additional water is released 

across the border, then failure to release such water could compromise 

the habitat and thus the endangered species, and this is enjoined by the 

ESA. After actual impacts of floods and drought on the Delta were 

quantified, habitat variation analysis in the region was developed and an 

Endangered Species Risk warning system created to allow monitoring of 

past and future conditions. 
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Endangered Species 

Endangered animal species are present both in the Delta and the section 

of the upper Gulf of California encompassed within the Biological Reserve 

(Table 1). Threatened Delta animals include the Yuma clapper rail 

{Rdllus lor^irostris yunumensis), desert pupfish {Cyprinockyn macularius), 

and southwestern willow flycatcher {Empidonax traUlii extimus). The 

vaquita (Gulf harbor porpoise. Phocoena sinus) and totoaba {Totoaba 

macdonaldO are endangered marine species occurring in the Gulf of 

California. These species were documented in the U.S. Bureau of 

Reclamation's Description and Assessment of Operations. Maintenance, 

and Sensitiue Species of the Lower Colorado River (Bureau of 

Reclamation. 1996). This docimient was the final Biological Assessment 

prepared for the Lower Colorado River Multi-Species Conservation 

Program, which will guide Colorado River Conservation efforts for the 

next fifty years. 

Table 1: Endangered Species and Habitat requirements in the Colorado River 
Delta. Mexico and the upper Gnlf of California. All of the species listed require 
freshwater supplies to enrich the habitat necessary for survival and allow for successful 
reproduction. Source: Adapted from Bureau of Reclamation. (1996). 

Species Habitat Requirements 
Yuma Clapper Rail uneven-aged marsh vegetation with open water 
Desert Pupflsh warm marsh waters up to twice ocean salinity 
Southwest Willow Flycatcher riparian shrubs or trees 
Vaquita turbid water confined to upper Gulf of California 
Totoaba spawns in the shallow waters of Colorado River 

estuary 
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Despite this official recognition of endangered species habitat, no 

restoration efforts or E^A species management actions have been 

undertaken by the United States (Briggs and Cornelius, 1998), 

Populations of these species are equal to or exceed numbers in the 

United States. Habitat in Mexico could thus play an important role in 

developing management plans for these endangered species in the United 

States. The Rio Hardy, as the largest remnant habitat, is most suitable 

for such planning. 

Data and Methods 

Remotely sensed data provide the spatially and temporally extensive 

means to monitor biophysical surface features of landscapes with great 

accuracy (Atkinson and Curran. 1997). The frequent temporal scale of 

AVHRR satellite imagery is especially appropriate for monitoring systems 

in arid and semi-arid regions that tend to have a large amount of 

interannual variability. Satellite imagery is essential for the current 

study because there has been no on-going ground data collection in the 

area for many years (Cohen et al., 2001). Satellite data provide the best 

and often only historic record available of surface vegetation and water 

flows in remote, undermonitored areas. Birkett (2000) found satellite 

imagery accurate for measuring flooding and wetland vegetation in Lake 
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Chad. Africa, a semiarid wetland ecosystem similar to the present study 

site. Hutchinson (1991) developed a Famine Early Warning system in 

Africa using satellite monitoring of NDVI trends that is successfril 

enough to be used by the UN Food and Agricultural Organization (funded 

by USAID). We show similar NDVI monitoring procedures can be used to 

develop an Endangered Species Risk warning system index for the 

Colorado River Delta, the Delta Response Index (DRI). 

It is important for policjmiakers to understand the behavior of regional 

envfronments through time. Ecosystem variations reverberate through 

local economic enterprises such as fishing, subsistence extraction, and 

ecotourism requiring mainteneince of the ecosystem at specified 

productivity levels. AVHRR NDVI data can be used to monitor 

environmental perturbations over time as an index of general ecosystem 

health. AVHRR NDVI is used because the data are inexpensive, timely, 

readily available, and easy to understand. The magnitude of NDVI is 

related to the level of photosynthesis in vegetation (Tucker and Sellers. 

1986) and NDVI is a projgr for vegetative properties such as leaf area 

index (LAI), active green biomass and primary productivity (MaselU and 

Rembold, 2001; Oindo et al.. 2000). NDVI is suitable for management 

needs under the Endangered Species Act (ESA) because it is an 
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affordable, repeatable method to analyze regional ecological variations 

over time (Bricker and Filippi, 2000). 

Delta Response Index 

A Delta Response Index (DRI) representative of the Colorado River Delta 

was developed to standardize Delta wetland NDVI's. The DRI was 

calculated by dividing the response NDVI of the Rio Hardy Wetlands, 

which are dependent upon Colorado River flow, by the control NDVI of 

the Cienega de Santa Clara, which is supplied water by a constant 

source of agricultural runoff and natural springs. 

DRI = Rio Hardy NDVI / Cienega NDVI 

The DRI was used to standardize for interannual differences in 

vegetative growth caused by sources such as sunlight, humidity, rainfall, 

and growing season length. The DRI measures the expected impact of 

the Colorado River upon Delta wetland vegetation. 

We believe the DRI is a good predictor of habitat risk for the endangered 

species that inhabit the Colorado River Delta. Once the area of the 

wetlands is derived and the risk protocols established, monitoring the 
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DRI would be a simple process that in general reflects Delta ecosystem 

health and provides a warning system for risk to habitat. 

Study Location 

The Colorado River Delta once encompassed 780,000 ha (Sykes, 1937 

cited in Briggs and Cornelius, 1998) but it has shrunk to 250,000 ha. 

Most of the modem Delta is barren salt flat (Gleim et al., 1992). Wetland 

vegetation in the Delta is currently found in two main watersheds (Figure 

1). The Hardy and Colorado Rivers combine in the western part of the 

Delta to form a flood-dependent marsh called the Rio Hardy wetland. 

During floods, this wetland is the largest of those remaining in the Delta. 

During extreme floods, water from this marsh and the mainstem of the 

Colorado enter the Laguna Salada, a salt flat below sea level, where it is 

impounded and slowly evaporates, never reaching the Gulf of California. 

In the East, the Welton-Mohawk Main Oudet Drain Extension (MODE) 

canal from the United States has revived a wetland called the Cienega de 

Santa Clara (Cienega). The MODE canal was constructed to remove salt-

ridden wastewater from US farms that otherwise would have entered the 

mainstem of the Colorado and led to violations in Minute 242. which 

governs the salinity of water delivered by the United States to Mexico 
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(Furnish and Ladman. 1975). The MODE delivers an essentially uniform 

amount of water every year and provides an ecological 'control' or 

reference for the present study. Our central premise is this: If the Rio 

Hardy vegetation suffers during low flow periods of the Colorado and 

thus impairs endangered species survival while during the same period 

the Cienega remains vibrant, then US water management agencies would 

be directly harming endangered species by failing to allow water to flow 

into the Rio Hardy wetlands. 

Data Description 

The primary data source for this study is AVHRR imagery, formatted as 

Maximimi Value Composite (MVC) data, a bi-weekly maximum NDVI 

data set from the U.S. Geological Survey's EROS Data Center (EROS). 

NOAA-AVHRR is considered the most efficient platform for large-scale 

monitoring in data-poor developing countries, due to its frequent 

temporal resolution (Maselli and Rembold, 2001; Prince, 1991). These 

comprehensive data were available from 1989 to the present for the 

conterminous US and adjacent sections of Mexico and Canada. The daily 

temporal resolution allows managers to respond rapidly to incipient 

problems and provides a large volume of data that can be used to 

overcome problems such as cloudiness. The North American NDVI data 
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were corrected radlometrically and georegistered before being released to 

the public (Eidenshink, 1992). We converted the data into Earth 

Resources Data Analysis System (ERDAS) Imagine files for processing. 

Use of remotely sensed data should be based upon an established link 

between the physical properties of the surface and its measurement in 

remotely sensed data (Phinn et al.. 1999). The NDVl files used for this 

study provide such a linkage. Chlorophyll has very distinctive 

reflectance patterns in the red and near-infi*ared (NIR) bands and these 

patterns can be monitored by satellite (Tucker, 1979). A NDVI is the 

most common way of interpreting the red and NIR channels for 

chlorophyll (NDVI = (NIR-Red)/(NIR+Red) and has been used extensively 

to monitor regional and global vegetation (Chavez and MacKinnon, 1994; 

Marsh et al.. 1992; Tucker. 1986). NDVI is best used in arid and semi-

arid biomes. such as the Colorado River Delta, because it tends to 

oversaturate in more heavily vegetated sites (Huete et al.. 1997). 

Jakubauskas et al. (2001) foimd this EROS dataset reliable for use in 

land cover time-series analysis. Maselli and Rembold (2001) have shown 

that mean NDVI has a strong correlation to agricultural productivity in 

semi-arid regions. Weiss et al. (2001) foimd change in MVC NDVI trends 

to be an effective way of monitoring desertification in Saudi Arabia. Using 

AVHRR MVC data. Oindo et al. (2000) reported a strong correlation 
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between maximum average NDVI and bird species richness in Kenya and 

birds are an important segment of the endangered species in the current 

study. The Yuma Clapper Rail is dependent upon the density of reeds 

within marshlands for nesting and plant density is related to the NDVI 

value. NDVI is used for this study to describe habitat quality which in 

turn is the primary factor related to endangered species survival. 

NDVI was calculated by Earth Resources Observation Systems (EROS) 

Data Centers and converted to a scale of 0 to 200, where 0 to 100 

corresponds to -1 to 0 on the NDVI and represents water, snow, clouds, 

or unvegetated surfaces, and 100 to 200 corresponds to 0 to I and 

represents vegetation. The EROS datasets were registered geometrically 

to the Albers Conical Equal Area projection (Spheroid WGS84). Sun 

angle, cloud cover, and sensor smgle were not directly corrected for in 

this study. Instead, by using a biweekly MVC, these factors can be 

optimized (Holben, 1986). 

Hydrologic data were acquired from the USGS's website 

(http://water.usgs.gov). The USGS data gave average cubic feet per 

second (cfs) with monthly resolution. Flow rates were available for the 

Colorado River as it crossed the Northern International Border (NIB) at 

Yuma, AZ (Figure 2). It would be preferable to have ground data of the 

http://water.usgs.gov
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Colorado River's flow located more closely to the Delta. However, such 

data have not been collected since 1968, so the NIB data source was 

chosen as the most accurate long-record source available. 

Slightly below the border, Mexico's diversion at Morales Dam directs 1.36 

million acre-feet (MAF) of its allotment (the entire amount normally 

flowing in the channel) to the Mexicali Irrigation District. During 

interviews with Mexican irrigation officials, we determined that the 

Morales dam diversion has a maximum load of approximately 3500 cfs. 

Roughly an additional 1000 cfs can be used or stored in the San Luis Rio 

Colorado agricultural district and wetlands along the Colorado's 

mainstem in Sonora, Mexico. Flows in excess of 4,500 cfs at the NIB are 

thus required to reach the Rio Hardy. Smaller flows are diverted to the 

Mexicali Valley and San Luis Valley agriculture. Using these 

requirements, there was a major flood in 1993 and smaller floods from 

1996-1999 that generated sufficient water to reach the Rio Hardy 

wetland. 

USGS flow data were also available for the MODE Drain extension, the 

main source of water for the Cienega de Santa Clara (Zengel et al.. 1995; 

Glenn et al.. 1992). The MODE canal delivers approximately the same 

amount of water every year (Figure 3). There was almost no water 
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delivered during 1993 due to maintenance at the Bureau of Reclamation 

facilities, but desert wetland vegetation has evolved to tolerate periodic 

drought and remain viable (Zengel et al.. 1995). The short duration of the 

cession did not affect the Cienega adversely. Longer time periods without 

water, such as experienced in the Rio Hardy marsh, will damage even 

drought-tolerant species. Natural springs supplying this wetland 

continued to flow preventing major long-term impacts upon the 

vegetation. 

Growth rates in the Cienega and Rio Hardy were also compared to local 

climate data. This climate data came from Yuma, Arizona and Calexico, 

Csdifomia and was gathered from NOAA's National Climatic Data Center 

(http://lwf.ncdc.noaa.gov/oa/ncdc.html). These two cities are less than 

twenty miles from the study area, and the data quality is the highest 

available for historic meteorological records. Average months 

precipitation values were initially used in the study in addition to 

temperature, but precipitation was discarded because the data did not 

satisfy distribution requfrements for the hydrograph correlation analysis. 

Development of the DRI required that the various data be rectified to an 

equivalent time-scale. The Colorado River hydrograph & NDVI were 

resolved to parallel time-series at one-month periods after aggregating 

http://lwf.ncdc.noaa.gov/oa/ncdc.html
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the ?Jiitial bi-weekly MVCs. Maselli and Rembold (2001) found that 

aggregating bi-weekly MVCs to one-month periods provided acceptable 

quality for cloud perturbations and other atmospheric effects such as 

haze. Nicholson et al. (1990) correlated vegetative response to rainfall 

using NDVI and Bklundh (1998) examined the relationship between 

NDVI and rainfall at various time lags between the precipitation events 

and plant response, reporting that monthly resolution data had the best 

correlation. Rainfall timing and flood release timing should be equivalent 

parameters biologically for semiarid plant growth and response because 

each is the primary means by which plants receive water in the 

respective study areas. In the current study the selected data were used 

to examine NDVI response time to water releases. The boundaries of the 

Rio Hardy and Cienega wetlands were established during their maximum 

extent within the data available, which occurred in August. 1998. The 

NDVI was summed to produce a maxiirnim interior-bounding rectangle of 

the maximum flood-enhanced area. Use of maximum interior bounding 

rather than a minimimi exterior bounded rectangle sacrifices some 

spatial extent but reduces the likelihood of false positive errors. 

The impacts of microclimatic variables or other exogenous factors could 

be responsible for variation between the two wetlands, and thus had to 

be examined and ruled out for direct comparisons of the two regions to 
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have validity. Lags of one, two. and three months between flow at the 

NIB and NDVI response were examined in addition to investigating 

immediate response. Regression equations were derived at each time-

lag, using Statistical Package for the Social Sciences (SPSS). Coefficient 

of determination (R^) values were used to determine which time-lag after 

the water crossed the border was the best predictor of NDVI response 

(Ott, 1993). Researchers have successfully used regression analysis to 

evaluate NDVI and plant health proxies such as crop yield and rangeland 

health (Maselli and Rembold, 2001; Weiss et. al. 2001). 

Change Detection Techniques 

Multi-temporal satellite images are appropriate for monitoring changes in 

vegetation through time (Sohl. 1999; Henry and Hope. 1998). Change 

detection methods can be divided broadly into enhancement or post-

classification methods (Singh. 1989). Enhancement techniques involve 

transforming two images into a single image where change can be readily 

detected. Yool et al. (1997) found that a univariate image 'differencing' of 

Landsat Multi-Spectral Scanner (MSS) red bands from dififerent dates 

provided a rapid and accurate measure of change for vegetation cover. 

We adopted this method, differencing the NDVI bands from flood and 

drought dates to measure differences in vegetative growth rates in the 
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Colorado River Delta. Classification errors and uncertainties typically 

accumulate with increasing amounts of data specified in the 

comparisons (Brondizio et al.. 1996), To avoid complications in our 

heterogeneous study area, the change detection was undertaken using 

simple differencing of single dates representing drought and flood. 

Similar image dates were chosen to reduce phenological variations (Pilon 

et al.. 1988). The drought image. (August. 1992). had been preceded by 

several diy years. When the flood occurred in the winter of 1993, 

resulting summer growth in August. 1993 would be expected to show 

flood impacts. 

Results and Discussion 

Hydrograph Correlation 

Statistical relationships between the Rio Hardy Wetland NDVI for every 

given month in the data series and several covariates including Colorado 

River flow and temperature are given in Table 2. Month -1 corresponds 

to one month prior to the NDVI value for the Rio Hardy wetlands at 

Month 0 for every month in the data series. Month -2 equals two 

months prior. Month -3. three months prior to the value for Month 0 for 

every month in the series. Cienega is the Cienega de Santa Clara NDVI 
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value, NIB is the Colorado River Flow at the Northern International 

Boundary, and Temp, is the average monthly temperature at Yuma. AZ, 

which was the closest station for which data of acceptable quality was 

available for the study time-period. Temperature was used to determine 

if meteorological variables were a significant factor in the Rio Hardy 

growth. Precipitation was not used because there were too few events to 

satisfy distributional requirements of regression analysis. 

Table 2: CoefQcients of Determination for Various Environmental 
Variables; Colorado River Delta. Mexico. 
Rio is the Rio Hardy Wetland NDVI, Cienega is the Cienega de Santa 
Clara NDVI, and Temp is the mean monthly temperature at Yuma. AZ. 
Each month of Rio NDVI was regressed at the given variable for the same 
month (month 0). one month prior (month -1). two months prior (month 
-2). and three months prior (month -3). 
Dependent Variable Independent Variables R2 
Rio Month 0 Cienega Month 0 0.896 
Rio Month 0 NIB Month 0 0.036 
Rio Month 0 Temp. Month 0 0.041 
Rio Month 0 NIB Month 0. Temp. Month 0 0.079 
Rio Month 0 NIB Month -1 0.050 
Rio Month 0 Temp. Month -1 0.056 
Rio Month 0 NIB Month -1. Temp. Month -1 0.107 
Rio Month 0 NIB Month -2 0.063 
Rio Month 0 Temp. Month -2 0.048 
Rio Month 0 NIB Month -2, Temp. Month -2 0.111 
Rio Month 0 NIB Month -3 0.077 
Rio Month 0 Temp. Month -3 0.050 
Rio Month 0 NIB Month -3. Temp. Month -3 0.126 

Analysis demonstrated a close correlation between NDVI of the Cienega 

and the Rio Hardy at 0.896, indicating a strong positive association of 
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NDVI values of the two watersheds. By contrast, the R2 values were 

extremely low for Rio Hardy NDVI correlation between the average 

monthly temperatures and for NIB flow in the wetland so that these 

factors are poor explanation for Rio Hardy plant growth. Temperature as 

a pro^QT for local meteorological conditions did not impact Rio Hardy 

NDVI at a significant level. 

It was found that both one and two month lags were superior to the 

immediate response. However, while overall a three-month lag showed 

the greatest correlation between River flow and NDVI response, it is far 

too low to be considered significant. This was not surprising and 

reflected the expected temporal lag of vegetative growth response to water 

influx. Also, most flood flows occur after the spring snowmelt in the 

RoclQr Mountains (Cayan, 1996) while maximum vegetative growth 

occurs during the longer days in the siunmer (Zengel et al., 1995). The 

overall correlation of the Rio Hardy NDVI to the NIB should be low 

because the only times the NIB will actually reach the Rio Hardy 

wetlands is during extreme high flood flows. This analysis thus supports 

the view that only large flood flow events directiy impact the Rio Hardy. 

Vegetative growth response to hydrologic events in the Cienega de Santa 

Clara is correlated more strongly to Rio Hardy growth than NIB flows. 
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This finding demonstrates that the Cienega de Santa Clara is a good 

ecological control site for studjring the Rio Hardy wetlands because both 

sites experience similar daily weather (Figure 4) and growth patterns 

while flood flows are far more unusual events. Strong correlation 

between the two wetlands NDVI is to be expected as growing season, 

local cloudiness and temperature, and other biometeorological elements 

are similar in both wetlands. Despite their environmental similarity, they 

differ in water availability and regularity of delivery and this impacts the 

magnitude of NDVI values. 

Our analysis suggested that changes in Rio Hardy NDVI were 

independent of average temperature and precipitation. Precipitation 

occurs very rarely and plays almost no role in plant growth in the region 

(Zengel et al.. 1995). In fact, any precipitation is essentially a statistical 

anomaly and so this variable was discarded. It was expected that 

temperature would be a good proxy for season growth. However, year-

round warmth and lack of freezing temperatures during the year 

apparently renders temperature relatively unimportant. Thus, rather 

than examining weather variables to predict vegetative growth, the 

Cienega NDVI provides an optimal projqr as it incorporates various 

meteorological variables into a single measurement. 
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DRI Values for the Delta 

Examination of the NDVI plots of the Rio Hardy and the Cienega de 

Santa Clara shows that they experience similar seasonal and yearly 

variability in NDVI (Figure 4). However, the Cienega de Santa Clara has 

greater vegetative growth during normal summer months due to higher 

constant water availability. The Cienega de Santa Clara shows a wide 

range of intra-annual variability in NDVI, but grows vigorously in the 

summer months. The Rio Hardy wetlands had ephemeral surges in 

NDVI and plant growth during the floods of 1993 and 1996-1998 but 

generally had a much lower NDVI than the Cienega de Santa Clara. The 

breaks are periods when data were not available (Figure 4). The surges 

in growth during the flood periods are short-lived as there are no 

impoundment structures to contain the floodwaters within the marsh. 

Instead, it quickly flows through and into the Laguna Salada for 

evaporation. 

We compared the NDVI averages for the Rio Hardy and Cienega de Santa 

Clara using the DRI. Plotting the NDVI curves for the two regions reveals 

that both experience year-to-year variability and show a strong seasonal 

correlation (Figure 4). As expected, winter is clearly a low-growth time 

for both areas. 
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Because the Cienega de Santa Clara receives a relatively constant supply 

of water through the MODE, the Cienega was used as an ecological 

reference to evaluate the impact of floodwaters upon the Rio Hardy 

wetlands. Average NDVI for each date in the Rio Hardy was divided by 

the average NDVI in the Cienega de Santa Clara to create the DRI. 

An DRI of 1.0 for a period indicates that the Cienega de Santa Clara and 

the Rio Hardy were essentially the same in terms of NDVI and thus 

vegetative growth. Numbers above 1.0 occur when the Rio Hardy NDVI 

exceeds the Cienega de Santa Clara NDVI - which might be expected 

during floods. DRI's below 1.0 indicate vegetation in the Cienega de 

Santa Clara is growing more vigorously than in the Rio Hardy, which 

would normally be expected due to the more constant supply of water to 

the Cienega de Santa Clara. 

Plotting the DRI for the length of the study period demonstrates the close 

relationship between flooding and NDVI response (Figure 5). During the 

winter, the DRI is very close to 1.0 as both areas experience winter 

senescence. For most years, the Cienega de Santa Clara has a greener 

DRI. However, during the floods of 1993, and 1996-1998 the Rio Hardy 

is clearly more vigorous and vegetatively robust. Water released across 
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the border in excess of what is used for agriculture thus has a positive 

impact upon endangered species habitat, whereas failure to release such 

water negatively impacts survival of local endangered species. 

Change Detection Images 

Change detection reinforces the conclusion that floodwater releases 

reaching the Rio Hardy offer major ecological benefits and thus 

endangered species habitat benefits. In Figure 6. white shows areas of 

change while black shows regions that did not vary greatly. There are 

substantial changes in the NDVI for the Rio Hardy wetlands during 

floods while surroimding areas, including the Clenega de Santa Clara, 

have not changed. 

The lack of impact upon the higher elevation desert flora during the same 

time periods suggests floodwaters cause the change rather than a 

localized increase in precipitation or other favorable meteorological 

conditions for growth. The change north of the Rio Hardy wetlands is in 

agricultural fields and reflects shifts in crops and cultivation. The very 

dark color of the Clenega de Santa Clara reflects the constant water 

supplied to this marsh area. The result of this change detection 

procedure is an independent confirmation and validation of the DRI 
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protocol and demonstrates its effectiveness as a means of comparing 

vegetation dynamics between the flood-dependent Rio Hardy and Cienega 

de Santa Clara wetlands. 

Monitoring Endangered Species Risk 

The DRI enables standardized measurement of Rio Hardy wetland 

conditions, suggesting this method might be used in a monitoring or 

Endangered Species Risk warning system for the Delta. This research 

has demonstrated that withholding freshwater has a detrimental impact 

upon the habitat where several endangered species reside. Species such 

as the Yuma Clapper Rail are sensitive to habitat disruption; survival is 

dependent on adequate levels of native vegetation at appropriate times of 

the season. By using the DRI, results of Delta wetland restoration efforts 

in the Rio Hardy can be monitored. This protocol could also be used to 

monitor restoration efforts in smaller wetland areas scattered throughout 

the Delta. 

Relationship of DRI to Climate Indices 

The DRI and water flow at the NIB is comparable to a local climate index, 

the Palmer Drought Severity Index (PDSI) as measured in Yuma, Arizona 
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and the more global climate index, NOAA's Multivariate ENSO Index 

(MEI). The four data series are graphed in Figure 7 to show the relative 

correlations. El Nino conditions in the Southwestern US lead to higher 

moisture and increased winter precipitation in the region (Piechota et al.. 

1997; Redmond and Koch. 1991). This precipitation translates into 

greater snowfall in the Roclqr Moimtains, which feeds the Colorado and 

leads to flood conditions. ENSO-driven floods have occurred on average 

every seven years over the last century. If this water is allowed to flow 

into the Delta, then there are likely beneficial effects on endangered 

species habitat. In the face of population growth in the American 

Southwest and the border region of Mexico, such floods will probably 

diminish in time (Postel et al., 1998). The conservation group American 

Rivers declared the Mexican section of the Colorado one of the ten most 

endangered in North America in 1998 due to proposals in Arizona and 

Nevada to create programs that would impound excess flows during 

ENSO floods (American Rivers, 1998). The Secretary of the Interior is 

authorized to approve state storage off-site of Colorado River flows during 

flood years (Fed. Reg., 1997) and Nevada and Arizona want to use these 

regulations to recharge groundwater aquifers while California needs this 

water to continue its current usage as other states begin to increase their 

demands for water. The Bureau of Reclamation is creating guidelines to 

further these impoimdment proposals. The reservoirs will then 
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supplement supplies during drought years. This action would curtail 

large-scale flooding caused by climate variability and mean that Mexico 

will receive little or no excess above the 1.5 million acre-feet required 

under the 1944 treaty. The loss of the excess floodwaters would 

effectively eliminate any future freshwater flows to the Delta and Gulf (cf. 

Snape et al., 1999). 

Local rainfall and cloud conditions in the Delta region during El Nino 

have a dramatic impact upon the PDSI. However, conditions are so arid 

that a single light rainfall is sufficient to increase the PDSI, though not 

leading to increases in plant growth due to the short residence time of 

any precipitation in the soil rooting zone (Felger, 2000). Changes in 

cloudiness and humidity instead have greater impact as they are likely to 

be longer-lived. Cloudiness depresses extreme high daily temperatures 

and evapotranspiration, increases humidity, and generaUy buffers plants 

from harsh desert conditions. These changes will be experienced by both 

the Rio Hardy and Cienega de Santa Clara wetland equally and will not 

affect the DRI's accuracy. Large PDSI variation provides another reason 

that floodwaters during El Nino are so valuable because conditions for 

growth are most favorable when the greatest amount of water is avaflable 

to the Rio Hardy. 
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Conclusions and Recommendations 

This research identified a simple procedure to monitor the environmental 

health of the Colorado River Delta wetlands. Use of an DRI could be 

incorporated with known habitat risk factors for various endangered 

animals in the Delta to produce a hazard scale that would indicate 

potentially harmful conditions. Since there is no on-groimd climate, 

hydrological. or ecosystem data collection in the Colorado River Delta 

wetlands, this indirect approach may be the only alternative available to 

assessing the level of risk current conditions pose to endangered species 

and other animals. El Nino conditions in the Pacific Ocean have led to 

flooding on the Colorado River that has occasionally been sufficient to 

reach the Colorado River Delta. The DRI demonstrates that this 

freshwater has had verifiable beneficial impact upon the vegetation 

robustness in the Rio Hardy wetland and thus upon the habitat of the 

endangered species. However, these benefits are short-lived due to the 

quick passage of the water through the wetland. The DRI offers a rapid 

and simple means of monitoring past and future conditions in the Rio 

Hardy and could be a useful tool when restoration efforts are undertaken 

in the wetlands. 
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PotentiaL International Policy Implications 

It was fortunate that a reference variable (Cienega de Santa Clara 

wetlands) was available to use as a standard of comparison to the Rio 

Hardy Wetlands. Such controls are relatively rare in large-scale 

ecological research. The data demonstrate that El Nino flood flows 

should be allowed to continue crossing the border between the US and 

Mexico, thus protecting existing endangered species habitat. In the 

longer term, releases of water across the border in excess of agricultural 

usage will probably have a positive impact upon endangered species 

habitat. Questions of Mexican sovereignty over the Delta and the ability 

to divert excess flows are irrelevant. High flows currently cross the 

border and benefit the Delta. Mexico does not impede this benefit. So de 

facto, by refiasing to allow flows across the border, the US Bureau of 

Reclamation is possibly adversely affecting endangered species survival 

and Mexico cannot be blamed (All, 2002). The DRI could be used by 

International Boundary and Water Commission hydrologic managers and 

policy-makers as an effective reporting mechanism. The DRI can inform 

policymakers with a simple index that informs natural resource 

management. 
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Figure 1. The Colorado River Delta in Mexico, 1997. 
The image was taken after a year in which the Colorado River 
flooded and flowed to the Delta. The Rio Hardy has a higher 
NDVI than normal. The Laguna Salada also contains water 
due to the previous year's flooding. 
Source: Arizona Regional Image Archive. 
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Figure 2: Colorado River Flow at the Northern International Boundary. 
The large surges were flood waters released by the Army Corp of Engineers to 
protect diversion structures during El Nino events. 
Source: USGS 
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Figure 3: Freshwater Flow Through the MODE Canal from the U.S. to 
Mexico. 
The short-lived drop off in flow around 1993 occxirred due to Bureau of 
Reclamation maintenance activities. The otherwise near constant supply 
provides for a stable ecosystem in the Cienega de Santa Clara. 
Source: USGS 
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Figure 4: Comparison of Average NDVI's for the Rio Hardy and 
Cienega de Santa Clara. 
The close proximity of the two sites means that climate conditions are 
very similsur. The only major difference is in water availabili^ - the 
Colorado River supplies the Rio Hardy while the MODE canal supplies 
the Cienega de Santa Clara. 
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Picure 5: Hydrosrapbic Response Index (HRI) - Rio 
Hardy NDVI/Cienecii NDVI. 1989-1999. 
The primary difference between the two sites is water 
availability. Most yeeirs the Index is below 1.0 as the 
Cienega has a higher NDVI relative to the Rio Hardy. 
During winter months the numbers approach 1.0 as 
both areas experience a slow growth rate. Only 
during the 1993, 1997, and 1999 floods of the 
Colorado River does the Index go above l.O. Thus, 
indicating the major response of the Rio Hardy 
wetleunds vegetation to Colorado River flood waters. 
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Figure 6: Colorado River Delta, Mexico. Simple 
DifTerenciag of NDVI images of a Hood Year (August, 
1993) from a Drought Year (August, 1992). 
Anniverszury dates were used to minimize seasonal 
variability. The black color of the the Cienega shows that 
no change has occurred as it recieved a standard amount 
of water. The Laguna Salada is also dark as it had no new 
inflow during the drought year. Only the Rio Hardy shows 
great change as the flood waters enriched plant growth 
and this was reflected in the NDVI. The area to the north 
of the Rio Hardy and Cienega is farmland. 
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Fignxe 7: Comparisoii of the Hydxognph Rraponse Indoz to 
The Palmer Drought Severî  Index (Source: NOAA NCDC), The 
Multi-Variate BNSO Index (Source: NOAA) and the Colorado 
River Plow at the Northern International Boundary (Source: 
USGS). The indices are all strongly correlated and show the 
importance of El Nino - driven flood events for Delta ecos}rstem 
health. 
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Abstract 

Accurate procedures that measure hydrologlc variability would have 

great value for evaluating ecosystem impacts of upstream water use in 

the Colorado River basin. Advanced Very High Resolution Radiometer 

(AVHRR) satellite imagery was used to assess actual water volumes 

diverted from the Gulf of California during flooding periods of the 

Colorado River. Analysis of data demonstrated that little freshwater 

actually reaches the Gulf due to upriver impoundments and ultimate 

diversion into a large dry lakebed basin known as the Laguna Salada. 

These findings have profound implications for local economic activities 

dependent upon hydrologic resources in the Colorado River Delta and 

upper Gulf. Many local stakeholders rely directly or indirectly upon 

ecosystem health. For example, the shrimp industry has complained 

that US diversions of Colorado River flow have greatly impaired the 

fishery. Since freshwater rarely reaches the Gulf even during times of 

flooding, other factors such as overfishing may influence the instability of 

shrimp populations. Fuller utilization of the Colorado River throughout 

its entire course to the sea is possible and could benefit a large cohort of 

users without catastrophic habitat destruction in Delta ecosystems. 
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Reconstruction of a natural earthen berm as proposed by Ducks 

Unlimited would maximize use of floodwaters for ecosystem benefits. 

Introduction 

Water management in arid regions is among the most controversial of 

issues facing policy makers (Getches, 1993). Accurate information on 

ecosystem impacts resulting from diversion of the Colorado River is 

essential for making informed decisions on utilization of the resource by 

stakeholders in the area (Pontius. 1997). Previous research examined 

regulatory aspects and endangered species (All. 2002) and the 

biophysical parameters in the Colorado River Delta (All and Yool, 2002). 

The present resesirch examines the quantity and impact of US-released 

floodwaters upon the Upper Gulf and Delta-based economic systems that 

depend upon ecosystem health, primarily fishermen. These impacts are 

also felt indirectly by farmers, subsistence extractors, and ecotourism 

operators. 

Mexican shrimp fishermen have asserted that US diversions of Colorado 

River water deplete the upper Gulf of its vitality, compromising the 

shrimp fishery (Tobin, 2001; Bagwell, 1998). Local Delta residents have 

long been vulnerable to disruptions in the Gulf ecosystem, which occur 
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both dnrlng flood and drought (McGulre and Greenberg, 1993). Many 

local fishermen and some researchers assert that fi*eshwater floods 

enhance shrimp fisheries (Galindo-Bect et al., 2000; Postel et al.. 1998). 

Results described here show litde Colorado River water actually reaches 

the Gulf, but instead flows into a closed evaporative basin known as the 

Laguna Salada. Fish populations in the Gulf are also influenced by 

annual catch rates that are related to the size of the fishing fleet 

(McGuire and Valdez-Gardea, 1997). Since there is limited effective 

domestic or international regulation of shrimp harvest in the region, it is 

possible that relative shrimp abundance is related inversely to the size of 

the fishing fleet fVasquez-Leon and McGulre. 1993). 

Animals inhabiting the Gulf are not the only ones suffering due to a lack 

of Colorado River flows. As the Laguna Salada increases in area during 

flood flows. Delta habitat is also correspondingly deprived of hydrologic 

resources. The Lagvma acts as a fireshwater sink, depleting wildlife and 

endangered species habitat. As wetland habitat is impaired due to 

Laguna diversion, stress upon certain endangered species such as the 

Yuma Clapper Rafl {Rallus longirostris yiunanensis) increases 

tremendously (Glenn et al.. 1996; Zengel et al.. 1995). The Lagima was 

once a valuable fishery known as the Lake Maquata (Orcutt. 1891). 

However, years of drought following the completion of Hoover and Glen 
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Canyon dam destroyed the Laguna Salada ecosystem completely. The 

brief resurgence of life in the Laguna following the 1983 El Nino flood 

was quelled quickly as the water evaporated (Jimenez et al.. 1984). 

To determine freshwater impacts on the Gulf, it is important to assess 

the amount of water entering the Gulf during flood periods. Satellite 

imagery is an accurate and cost effective tool for assessing ecological 

impact of floods in the region (Glenn et al., 1996; All, 2002). The actual 

amount of flow that would be needed to restore a small endangered 

species habitat such as for Colorado Delta Clam {Mulinia coloradoensis] 

at the mouth of the River is estimated to be very large (Flessa et al., 

2001). Restoration of shrimp habitat would require a vastly larger 

volume of freshwater and this is not likely to be released with the current 

pressures upon Southwestern water supplies. 

Background and Historical Perspective to the Region 

The Colorado River Delta was once fed by thousands of miles of 

watershed. Billions of cubic feet per year of water flowed from the 

interior of the Roclqr Mountains to the Pacific Ocean (Figure 1). The 

Delta itself was larger than Rhode Island and harbored a multitude of 

plants and animals (Glenn et al., 1999). The need for water in the arid 
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American West led to the damming and diversion of the Colorado for 

many purposes beginning at the turn of the century (Pitt et al.. 2000). 

Since early visits by Leopold (1949) and Sykes (1937), the Delta has 

declined rapidly as water from the Colorado was diverted for agricultural 

and urban users. Before the completion of Hoover dam in 1935, the 

Delta received between 16 and 18 billion cubic meters of water per year 

(Stockton and Jacoby, 1976). Major impoundments caused by first the 

Hoover dam and then Glen Canyon dam dessicated the Delta; no water 

flowed beyond Morales Dam at the border in Mexico from 1958 until 

1983, and all remaining riparian areas disappeared (Pitt et al.. 2000). 

South of the Morales Dam diversion, there are several paths Colorado 

River water can take: First, water may continue down its original 

channel to the Gulf of California. Second, flows can remain in wetlands 

such as the Rio Hardy Wetlzind (Valdes-Casillas et al.. 1998) or the El 

Doctor Wetiand (Zengel et al.. 1995). Third, it can be diverted into 

agricultural fields in the San Luis Rio Colorado Irrigation District in 

Mexico (Fimbres. 1983). Finally, it may be dfrected into a large dry 

lakebed below sea level similar to the Salton Sea in the US (Figure 2). 

This lakebed is known as the Laguna Salada and was an occasional 

fisheiy during 1983 flood years (Jimenez et al.. 1984). 
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The former Delta is currently comprised of the Salton Sea and the 

agricultural areas of the Imperial Valley in the US: and Mexicali Vgdley 

and San Luis Rio Colorado Irrigation Districts in Mexico (Briggs and 

Cornelius, 1998). Much of the Delta and upper Gulf is included within a 

Mexican Biosphere preserve owing to its rare plants, birds, and other 

wildlife (SEMARNAT, 2002; Zengel et al., 1995). There are also hundreds 

of square miles of barren salt flats in the Laguna Salada area and near 

the Gulf shoreline (Glenn et al., 1992). No information on wildlife habitat 

in the Laguna Saluda has been recorded. Only a few hundred square 

kilometers in the Delta remain as ecologically ftmctioning wetlands: most 

notably the Cienega de Santa Clara, fed from US agricultural runoff, and 

the Rio Hardy wetland, which receives water during flood events (Glenn 

et al., 1999: Zengel et al., 1995). The Rio Hardy area is the homeland for 

a group of indigenous people, the Cucapa (Hays, 1996). 

In 1983 two hydrologic events occurred that created major flooding of the 

Colorado River that led to massive flows returning to the Delta and Gulf 

and the re-establishment of riparian vegetation in the area (Holburt, 

1984). First, Lake Powell finished filling and so the manmade diversion 

structures could no longer absorb major floods. Second, the largest El 

Nino event of the century (at that time) caused major rain and snowfall 

events that led to widespread flooding across the Southwestern US 
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(Piechota et al.. 1997). Water managers were unprepared for the synergy 

of these two factors and were forced to allow a great dezd of water to be 

released across the border in order to protect the dams from destruction 

(Holburt, 1984). Later major El Nino flood events in 1993 and 1997 were 

better managed thanks to the lessons of the 1983 event, but large 

amounts of water still crossed the border (Figure 3). 

USGS collects extensive records regarding Colorado River flow but these 

are limited to the territory of the United States, and there are no direct 

measurements of Colorado flow in Mexico south of Morales Dam after 

1968 (http://water.usgs.gov/; Cohen et al.. 2001). Flow patterns are 

estimated indirectly using remotely sensed imagery, existing flow 

records, and field investigation. Colorado River floods normally occur in 

the spring as snow melts in the Roclqr Mountains and tropical storms 

move into the lower Colorado rivershed (Redmond and Koch. 1991). 

Massive flooding can occur when these two events coincide. Peak flows 

usually occur in April-May. after snow melt but before agricultural 

diversions and usage during summer months (Cohen and Henges-Jeck. 

2001). Numerous studies have demonstrated the relationship between 

BNSO events and increased precipitation and streamflow in the western 

U.S. (Andrade and Sellers. 1988; Kiladis and Diaz. 1989; Cayan. 1996; 

Kahya and Dracup. 1996). 

http://water.usgs.gov/
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Economic Interests 

People living at the end of the river are mainly fishermen or farmers or 

are employed in service industries to these professions (McGuire and 

Greenberg, 1993). Fishing is dependent upon habitat quality, while 

farming relies strongly on availability of irrigation water. Thus, all are 

directly or indirecdy dependent on ecosystem health. Human 

vulnerability to fluctuations in ecosystem productivity in these areas is 

pronounced for the Gulf fisheries (McGuire and Valdez-Gardea, 1997). 

Local resource users are the most familiar with the physical realities of 

river flow and may be in the best position to note variability. Negative 

economic repercussions from extreme years, both flood and drought, are 

felt most dfrectly by these individuals (Greenberg, 1998). 

Other activities such as tourism and subsistence extraction (notably 

among the Cucapa tribe) sire similarly dependant upon ecosystem health 

(Nijhuis, 20(X); Richardson and Carrier, 1992). Ecotourism may become 

a factor in the regional economy, especially with the presence of several 

endangered species of birds. But for the foreseeable future there is no 

infrastructure or capital available, and this will remain a marginal part of 

the regional economy (Loomis. 2001). There is also some subsistence 
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extraction, notably among the Cucapa tribe, but subsistence industry 

has very few practitioners and is fading in importance (Nijhuis, 2000; 

Postel et al., 1998). 

There are costs and benefits of any water use. Commercial fishing, 

shrimping, sport fishing and tourism are extrinsic returns firom a healthy 

aquatic ecosystem. This can be contrasted to agricultural and municipal 

uses of water, which may be viewed as intrinsic costs relative to the 

health of the ecosystem resulting firom depletion of the resource. These 

are the criteria water managers consider in regulating hydrologic 

resources and there are no zero values. The North American Free Trade 

Agreement (NAFTA) changed regional policies since irrigated agriculture 

is even more profitable than in the past due to increased demand for 

vegetable and finit production (OECD, 1997). When high-value crops are 

easier to sell, more are produced and greater amounts of irrigation water 

are required. Farms in the Delta have benefited in high flow years by 

having increased water supplies available for irrigation. However, excess 

floodwater has been impounded in the Laguna Salada to prevent 

farmland inundation in the San Luis Rio Colorado Irrigation District 

(SLRCID) (Figure 4). To protect farms firom floods, the ecosystem in the 

Delta and Gulf suffers firom a lack of fireshwater. 
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Agricultural irrigation currently dominates the water usage agenda in 

northern Mexico tWaller. 1994; Cummings and Nercissiantz, 1992). The 

River provides water to 500,000 acres of irrigated farmland in the 

Mexicali Valley (Furnish and Ladman. 1975) and SLRCID (Holburt, 

1982). Farmers in the region are well organized politically so that 

regulatory changes relative to water usage are very difficult. Waller 

(1994) reported that plans drawn up by the rural PRl to divert water from 

Mexicali farms for urban use in Baja California was undertaken to 

support urban growth and draw votes away from the urban political 

parties in 1990. However, to placate agricultural interests. President 

Salinas de Gortari had to concede hundreds of millions of pesos to 

increase transport efficiency so that no farm fields lost any water. He 

also turned over control of the irrigation infrastructure to local interests 

in a significant, long-awaited reform. The interplay of politics thus 

delivers continued benefits to both the status quo and new users of 

water. 

Farm management and investment decisions do not incorporate planning 

for floods so excess water is not utilized in agriculture. These waters 

could be allowed to pond in the Rio Hardy marshlands and then flow into 

the sea (Payne et al., 1992). Irrigation and diversion data for Morales 

Dam and the SLRCID indicate these areas do not have the ability to 
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exploit excess water supplies (Cohen and Henges-Jeck, 2001). Rather 

than allowing potential floods to damage valuable farmland, water is 

diverted to the Laguna and lost (Figure 4). The image in Figure 4 was 

taken in 1985 towards the end of the multiyear flood that began in 1983. 

It can be seen clearly that water is moving to the northwest towards the 

Laguna Salada; little or no water is in the channel southeast towards the 

sea. 

The local fishing industiy in the Gulf of California was dominated in the 

past by shrimping. Shrimp fishing is profitable and is considered to be 

essentially immune to overfishing according to the Serge Garcia of the 

FAO (McGuire. 2002). In 1983, Garcia theorized that because of the 

major interaimual variability in shrimp harvest (Figures 6 and 7) and 

extremely high fecundity, shrimp populations are not dependent upon 

fishing pressure. Only when fishing pressure reaches a "collapse level of 

effort" does the population begin to suffer more permanent impairment 

(Garcia, 1983 as cited in McGuire. 2002). 

In the late 1970's and early 1980*s the shrimp catch collapsed (See figure 

6) (Delegacion Federal de Pesca. 1993). When searching for reasons, 

fishermen may have been influenced by the overfishing immunity idea, 

concluding instead that negative ecological factors played a major role in 
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the collapse of the fishery. When the shrimp catch rebounded a few 

years later after the 1983 El Nino and subsequent flooding on the 

Colorado River, it was deduced that the lack of fi-eshwater flows 

associated with building the Glen Canyon dam adversely afifected shrimp 

biology and abundance (Pontius et al., 1997; Bagwell, 1998). Flooding in 

the early 1980s also coincided with fewer numbers of shrimping boats in 

the area (Figure 5). The question of whether declines in shrimp harvests 

were caused by overfishing or lack of fi*eshwater flow or by other 

unknown factors is empirical, but both coincided with drastic reduction 

in shrimp abundance. 

Fishing communities responded to their belief that fi-eshwater 

enhancement stimulates shrimp populations by increasing investment 

and fishing effort after the 1983 flood (Figure 5). These investments are 

not reduced during average or drought years when no firesh water 

reaches the Gulf. Investment in boat, specialized gear, and other 

equipment required for shrimping is high (McGuire and Valdez-Gardea, 

1997). Typically, many years of fishing success are required for profit on 

investment to be achieved. Fishing intensity spirals upward during good 

years and cannot easily be retracted when fishing is poor. During the 

early 1970's the number of fishing boats had increased dramatically until 

warnings about possible overfishing were offered (Vasquez-Leon and 
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McGuire, 1993). Economic hardships during the late 70's and early 80's 

led to a decline in the number of boats and the reduced fishing intensity 

may have allowed shrimp populations to recover. Shrimp harvest data 

from San Felipe and El Golfo de Santa Clara shows marked increases 

after ENSO events of the early 1980s (Figure 6)(Magallon-Barajas, 1987; 

Delegacion Federal de Pesca, 1993). But the shrimp industry has been 

marked by great variability throughout its history (Figure 7). 

Establishing the validity of fresh-water flows in the Gulf during floods 

would clarify whether fresh-water enhancement conserves shrimp 

populations and better inform politics that would seek to divert 

freshwater for the purpose of enhancing shrimp yields. 

Publicized demands for more fresh water stem from a local belief that 

inflows from the Colorado, such as during ENSO events, are crucial to 

the health of shrimp and fish populations. Fishermen in the upper Gulf 

believe that freshwater flood-flows through the Delta reach the Gulf and 

enhance ecosystem productivity (Pontius et al.. 1998; Bagwell, 1998). 

Fishermen recall the "golden years" for the local fishery — before Glen 

Canyon Dam was built but also when there was a smaller fleet ~ and the 

flood events of 1983 and 1993 (Pontius et al.. 1998: McGuire and 

Greenberg, 1993; Vasquez-Leon and McGuire, 1993; McGuire and 

Vcddez-Gardea, 1997). There is scientific support for this local belief, i.e. 
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the fact that salinity gradients are crucial for habitat determination in 

estuarine systems (Jassby et al., 1995). Shrimp preferred juvenile 

habitat in the Gulf is in the shallow estuary of the Colorado's mouth 

(Pico and Mathews. 1975). Freshwater inflows lower salinity values in 

the Colorado River estuary and increases the difference between the most 

saline water and the least saline water. This creates an increased 

salinity gradient that benefits shrimp as they mature (Zein-Eldin and 

Renaud, 1986). Studies in the San Francisco Bay have shown that 

salinity is driven primarily by fireshwater inflows with lesser impacts by 

vertical and lateral mixing and sea-level heights (Peterson et al., 1995). 

High dams on rivers have been shown to interfere with the life cycle of 

shrimp (Holmquist et al., 1998). 

El Nino events reportedly increase the primary productivity of the Gulf 

(Ruiz and Lyle, 1992; Valdez-Holguin and Lara Lara, 1985). These 

benefits would be expected to reverberate upwards through the trophic 

levels. Another possible beneficial impact of El Nino is increased 

nutrient loads carried in the sflt or dissolved in the water carried by the 

Colorado (Rodriguez et al., 2001). Diversion structures in the upper 

Colorado have halted delivery of sflt rich water to the Delta (Carriquiry 

and Sanchez, 1999). Several authors have posited that loss of these 

nutrients has contributed to the decline in Gulf fisheries (cf. Postel et al.. 
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1998). Alternatively, it is also possible that losses of silt have been oflFset 

by the addition of farm fertilizers and other anthropogenic sources of 

nutrients in the run-ofif that reaches the Gulf (Pitt et al., 2000). Flessa et 

al. (2001) note that nutrients supplied by the Colorado probably sustain 

mollusks, clams, and other marine organisms in the Gulf. Also, 

nutrients continue to be received in the Gulf due to the tidal action upon 

the Delta (Pitt et al., 2(X)0; Valdez-Holguin and Lara-Lara, 1985; Lepley 

et al., 1975). Productivity remains very high for the Gulf compared to 

other regions of the world. (Valdez-Holguin et al., 1995) 

While it is possible to show rebounds in the shrimp harvest during the 

1983 El Nino, the number of fishing boats present in Figure 5 presents 

an alternative hypothesis for the sudden drop in populations during the 

mid I980's: several years of extremely heavy fishing may have influenced 

the reductions in the shrimp population. Loss in shrimp abundance 

stimulated some of the fishermen to redirect boats for taking of other fish 

species (Figure 8). Reductions in shrimp fishing pressure may have 

allowed the shrimp populations to rebound coincident with the 1983 

flood event. 
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Floods flow diversions to T^ynwa Salada 

Fundamental to assessing the impact that ENSO-driven flooding has had 

upon the marine ecosystem is knowledge of how much freshwater has 

actually entered the Gulf during specified intervals. There is little doubt 

that some water reached the Gulf during 1983 (Valdez-Holguin and Lara-

Lara, 1985: Jimenez et al., 1984). However, in 1983 an earthen berm 

located in the river's channel was washed away (Payne et al.. 1992). 

After this change in the channel geomorphology, in all other flood years 

satellite photos would indicate that little if any water reached the Gulf as 

the overflows were diverted to the Laguna Salada (Figure 4). Satellite 

imagery is appropriate for an assessment of freshwater flow into the 

Laguna because it has sufficient temporal frequency and capacity of 

observation to reveal fiood water djmamics on a regional scale (Birkett, 

2000). 

The Laguna Salada is a closed basin to the west of Mexicali in the state 

of Baja California Norte, Mexico (Figure 2). It is bordered on the north by 

the Cerro del Centinela. on the east by the Sierra Cucapa, and on the 

west by the Sierra de Juarez. It has served as a flood drainage basin for 

the Colorado River for thousands of years (Jimenez et al., 1984). Before 

the beginning of diversions of the Colorado in the late 1800's, it was 
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known as Lake Maquata and was an excellent fishery, supporting the 

Cucupa people (Orcutt. 1891). Currently it supports no wildlife because 

it is diy during many years and these extinction periods are too firequent 

for the local aquatic species to survive (cf. Felger, 2000). It is currently 

supplied water during floods along a 3-meter deep Canal completed in 

1974 originating at the channel of the Colorado (Jimenez et al.. 1984). 

This canal was built to protect Mexican farmland during flood in 

conjunction with a series of levies that channel water away fi-om former 

wetlands. According to records at the National Climatic Data Center, 

there is very little annual precipitation in the area to fill the Laguna 

fhttp: / /Iwf.ncdc.noaa.gov/oa/ncdc.html). 

Data and Methods 

Colorado River volume and flow is officially measured for the last time at 

the US-Mexico border. Large El Nino flood events allowed excess water 

to cross the Mexican border and flow into the Delta in 1978. 1983-87. 

1993. 1997-99 (Figure 3). There are then four major sinks after the 

border where water can flow; the Mexicali Valley via the diversion at 

Morales Dam. the San Luis Colorado River (SLRCID) Irrigation District, 

the Laguna Salada or the Gulf of California. The Diversion at Morsdes 

Dam has a mayimmn capacity of approximately ICX) cubic meters per 
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second (-3500 cfs) (All. 1997). The volume of water that can be used in 

SLRCID is limited. Data on water use for both of these areas were 

recently gathered and published by the Pacific Institute for Studies in 

Development. Environment, and Security (Cohen and Henges-Jeck. 

2001). However, direct measurement data on the Laguna Salada are not 

available in any form. Because the amount of water entering the 

irrigation districts is essentially fixed, any water left must either flow to 

the Laguna or the Gulf. Any water impounded by the Laguna is not 

available for ecosystem benefits in the Gulf. Infiltration and evaporation 

are of limited importance for the flowing water in the channel as it only 

takes a few hours to flow firom the border to the Gulf. Water fi-om 

agricultural runoff has entered the Laguna through drains in Mexico in 

the past (Jimenez et aL, 1984). However, recent examination of these 

drains showed that they have not been used in many years (AU. 2001). 

According to maps, the Laguna is a depression similar in overall size to 

the Salton Sea depression (380 square miles). The Salton Sea receives 

and evaporates approximately 1.3 million acre feet (MAF) per year (Brazil, 

2001). Inflow equals evaporation because a) the Sea does not grow in 

size and b) calculations of the International Geosphere-Biosphere 

Programme indicate that groundwater discharge is very small due to 

impermeable sediments in the Delta (Munoz-Arriola et al., 2002). 
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There are no direct measurements of water volume for the Laguna Salada 

in part because direct measurement of streamflow volumes is an 

intensive, expensive process (Bureau of Reclamation, 1997; Department 

of Agriculture, 1979). For single measurements, the channel cross-

section is measured and then a flow meter is used at various heights in 

the channel to measure velocity such that Area x Velocity = Volume per 

time unit. Channel cross-sections are subject to major modification, 

especially in semi-arid environments (See Knighton, 1998) and so must 

be measured anew every time the streamflow is desired. For long-term 

monitoring purposes, a flume is constructed in such a way that the 

height of the water flowing past a measuring stick equals the volume per 

time imit. This technique is expensive and requires frequent 

maintenance. Mexico's data gathering agencies do not have sufficient 

resources for such costly activities in remote locations such as the 

Laguna Salada. 

The depth and/or volume of water in areas such as Laguna Salada are 

not readily measurable using satellite remote sensing data (Lyon and 

Hutchinson, 1995). However, the spatial extent of water can be 

measured directly and once this is known, then using a cross section of 

the lakebed, volume may be estimated. Satellite data provides an 

archival soiu'ce of data for sequential assessment of many biophysical 
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processes. It has been used extensively to monitor floods and large lake 

volumes. (Sheng et al.. 2001; Birkett, 2000) Research by Birkett in 2000 

at Lake Chad. Afilca. is a good model for the current study. Lake Chad 

is a semiarid lake subject to similar semiarid pressures as the Laguna 

Salada. Using AVHRR and TOPEX/Poseidon satellite data. Birkett was 

able to track floods and droughts as they altered the Lake's boundaries. 

AVHRR data have been applied alone when determining lake surface 

areas as well (Harris and Mason. 1989; Prata, 1990; Harris, 1994). 

Schneider et al. (1985) used AVHRR to qualitatively observe lake 

boundary and vegetative growth. 

Monitoring the Laguna Salada is similar to monitoring floods and similar 

techniques were used. Although the resolution of AVHRR (1.1 km at 

nadir) is not appropriate for all uses (Sheng et al., 2001), it is excellent 

for large flood monitoring in flat areas because of its temporal 

availability, large area coverage, and low cost. (Sheng et al.. 2001) These 

factors are especially important in developing countries where ground 

data is limited or unavailable as in the current study. Monitoring floods 

has been successfully undertaken with NOAA images for many years 

(Rasid and Paramanik. 1990; Ali. 1989; Wiesnet et al.. 1974) and was 

facilitated in the present study due a lack of cloud cover that often 

accompanies floods. The use of Maximum Value Composite (MVC) data 
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also limits the impact of cloud contamination (Holben, 1986). Single 

channel identification of water bodies using AVHRR is difficult and multi

channel techniques (such as an NDVI (Normalized Difference Vegetation 

Index) image) are necessary. (Sheng et al.. 2001). NDVI is calculated 

fi*om the reflected solar radiation in the near-infirared (NIR) and red (RED) 

wavelength bands via the algorithm: NDVI = (NIR - RED)/(NIR + RED) 

(NOAA, 2000). 

NOAA AVHRR data from the U.S. Geological Survey's EROS Data Center 

are used in the current study. These data were processed into a MVC 

dataset composed of bi-weekly maximum NDVI's from 1989 to 2000. Use 

of MVC corrected for potential issues with clouds, smoke, or haze 

(Holben, 1986). Wet soil was not a major issue due to the extremely high 

temperatures and evaporation rates such that damp soil does not remain 

wet for the entfre month of a data image. The NDVI data were corrected 

radiometrically and georegistered by EROS (Eidenshink. 1992). The data 

were analyzed using Earth Resources Data Analysis System (ERDAS) 

Imagine software. The area of the Laguna was subsetted for study. To 

create the subset boundaries, a maximum exterior bounding rectangle 

for the largest flood extent on record was used as a baseline and then a 

sea-level elevation boundary (See Figure 2) added to the surrounding 
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area to ensure that the entire area, even partially flooded pixels, were 

examined and classified. 

Distinguishing water fi'om land was relatively simple because of the 

extremely flat nature of the land and the lack of wetland areas that could 

mask water signals. Mettemicht and Zinck (1998) found that reflectance 

in the near infrared (NIR) was the strongest relationship for evaluating 

bare soils. Their study site was a Laguna flat of alluvial sediment with 

slopes of less than one percent, similar to the Laguna Salada. 

Mettemicht and Zinck reported that AVHRR. channel two (0.9 um) was 

best for distinguishing water signal from a land signal. At this 

wavelength, water appears black while vegetation is very bright. Sheng 

etaL (1998) examined various methods for separating land and water 

during flooding. They found that the difference between channel one and 

channel two and the ratio of channel one (0.6 um. visible) and two (0.9 

um. NIR) both provided satisfactory results when an adequate threshold 

was established, such that all pixels above the threshold are land and all 

below are water. Prata (1990) also had success with this technique in 

studying Lake Ejn-e because the use of both channels corrects for errors 

derived from shallow sediment-filled water. Travaglia et al.. (1995. as 

reported in Birkett. 2000) used NDVI to distinguish vegetated, bare soil 

and open water for wedand regions in Afi:lca. NDVI is not appropriate as 
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a water-identifying tool if floating vegetation is present (Scheider et al., 

1985) but that was not a problem with the Laguna Salada. 

Threshold exceedence is often used to determine the occurrence of 

change in a change-vector analysis and is simpler to use than 

calculations of complex image noise models (Sohl, 1999). Various 

authors have used a simple intensity^ threshold technique for 

distinguishing water and land (Biyant. 1999; Harris and Mason. 1989) 

and this technique was used in the present study. 

A subset area of the Laguna Salada and its basin was cut out from 

available AVHRR data. The land peak digital number (DM) values and 

the water peak DN values were derived for each date and median DN 

values were calculated. The threshold was set between the water and 

land peaks in a histogram. The midpoint between the two was taken as 

the upper limit of the threshold for water. No problems occurred in the 

present study with variable peak widths and multiple spikes due to the 

very uniform nature of the basin and lack of vegetation. Once thresholds 

were set (and other changes have been discarded through the use of 

groimd data), then the pixels were classed as water or not water. These 

water pixels were then simmied to get a total inundated area (with each 
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pixel having an approximate area of one square kilometer (Sheng et al.. 

2001)). 

Results and Discussion 

Examination of a 1989-2000 time series demonstrated that maximum 

lake extent generally occurred during the summer (Figure 9). This 

corresponds with USGS Colorado River flow at the US - Mexico border 

(Figure 3). Peak flows lead directly to large spatial extensions of the 

Laguna, but since the inflows never extended lake volume to its 

maximum sea level boundaries (Figure 10), it is unlikely that any 

freshwater reached the Gulf. 

The areal extent of the Laguna Salada demonstrated marked variability 

over the study period: the extremely high variability is somewhat 

surprising as this is a terminal basin and would be expected to gradually 

fill £uid then dry out. The fluctuation is probably due to the extremely 

high evaporation rates that quickly eliminate shallow inflows such that 

both the flood peaks and small floods do not appear on the data. The 

average slope in the basin has been estimated at 35.7 cm per kilometer 

(AU. 2001). 
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The shallow depth of the salt flat indicates that slight changes in volume 

could lead to dramatic changes in spatial extent. Because MVC data 

were used and bare soil has a higher DN than water, if the area 

encompassed by a pixel is flooded for only part of the month, it will 

appear as bare ground. Thus, the datasets showed the minimum 

inundated pixels per month. Even with this strong tendency to 

underestimate flood extent, the Laguna Salada maintained an area 

encompassing two to four hundred square kilometers during and after 

the wettest flood years. Evaporation at the Laguna has been estimated 

at 2420.63 mm/year representing an average evaporated volume of 

13,967.79 cubic meters per hectare per year. (Jimenez et al., 1984) This 

amount of evaporation combined with the large volumes of water present 

during floods indicates that nearly all of the flood waters during the 

study period were diverted from the Delta and Gulf into the Laguna 

Salada. The fact that the Laguna had water in it for the majority of the 

years in the dataset indicates that more water than previously suspected 

is entering the Rio Hardy marsh and moving through to the Laguna. 

This water is probably seepage from the SLRCID irrigation activities. 

Whatever the source, it could potentially be valuable for wildlife habitat if 

it remained in the Rio Hardy for a time and then moved to the Gulf 

rather than being lost to the Laguna Salada. 
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In 1992 Ducks Unlimited (DU) and Ducks Unlimited Mexico (DUMAC) 

proposed rebuilding an earthen berm in the Colorado River channel 

(Payne et al., 1992). This berm had originally been located downstream 

of the Rio Hardy wetland and just upstream from the diversion to the 

Laguna Salada. The naturally created berm was washed away during the 

catastrophic flooding of the 1983 El Nino. Before its destruction the 

berm had impounded water for the Rio Hardy wetlands and allowed them 

to achieve much larger size than their current extent (Luecke et al.. 

1999; Postel et al.. 1998). The removal of this structure not only drained 

the marsh, it also allowed the channel to migrate slightly so that the 

Laguna Sadada became the preferred route of water flowing in the 

channel rather than towards the sea. DU and DUMAC were concerned 

with the rare and endangered species of birds in the Rio Hardy wedand 

when they proposed the berm because it would increase the residence 

time of water in the marsh and should help restore its size towards the 

pre-1983 boundaries (Pa3aie et al.. 1992). DU obtained a $250,000 grant 

to rebuild the structure but did not receive the permits to build it 

because the Mexican government felt such construction was not in 

keeping with the spirit of a Biosphere preserve (Streeter. 1999). As 

shown previously, political pressure from large farmers worried about 

flood damage to thefr lands in the SLRCID possibly influenced this 

decision as well. 
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Analysis of Laguna Salada data indicates large influxes of freshwater 

from the Colorado River rarely reach the Gulf of California. Thus, other 

factors such as overfishing in shrimp habitat are responsible for "boom" 

and "bust" cycles in the region's fishing industry. A final piece of 

evidence supporting this possibility^ is Colorado Delta Clam population 

data. These species are not harvested and thus not affected by fishing 

pressure. Clam numbers plummeted by 94% after the completion of 

Hoover dam in the 1930's and have not recovered (Rodreiguez et al., 

2001). The more transient responses and fluctuations in shrimp 

populations may be due to human or other pressures and minute 

changes in freshwater flow may have less impact than is claimed. The 

major ecosystem disruption for the Gulf occurred in the 1930's with 

completion of Hoover dam. Another disruption came in the 1960's. 

during the completion of Glen Canyon Dam. Yet, the transient shrimp 

population rebound in 1983 is back to 1970's levels -after the freshwater 

flow into the Gulf had virtuaUy ceased (Figure 7). So shrimp harvest 

increases during ENSO could be due to increased fishing pressures 

rather than an ecosystem impact because of the perception that harvest 

will be better. Fishermen spend more hours and days on the water 

because they think there will be more shrimp, so they capture more 

shrimp through these increased efforts. 
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Conclusions 

This study used satellite imagery to demonstrate that large volumes of 

freshwater are diverted away from potentially enriching wildlife habitat in 

the Colorado River Delta and Gulf towards a barren salt flat called the 

Laguna Salada. Since the water flows towards the Laguna and away 

from the sea. it is not likely responsible for fertilizing the shrimp fisheries 

in the I980's and 90's as has been claimed. Instead, other factors such 

as changes in the size and structure of the shrimp fishing fleet may have 

negatively influenced shrimp populations. The populations did not 

recover until competition among fishermen was reduced. 

Farmers in the region face the consequences of precautionary and 

emergency releases from upstream dams, primarily to avoid the 

destruction of diversion structures and to prevent flooding of croplands. 

The farmers in San Luis would be better served if releases from 

impoimdment structures were better timed, based on forecasts of ENSO 

events, and prior knowledge of drought conditions. Then the diversion in 

the Laguna Salada would not be necessary. However, the current 
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operation of diversion structures based upon the "Law of the River" does 

not permit this type of flexibility. 

The amount of water necessary to restore marine habitat is unknown, 

but undoubtedly large (Flessa et al.. 2CX)1). The data in this paper show 

that perhaps the DU / DUMAC proposal should be reconsidered due to 

the major impact it could have for Delta and Gulf species. There are 

several US-listed endangered species that could benefit firom a restored 

Rio Hardy wetland (All. 2002). The DU / DUMAC proposal would also 

have major benefits for the Gulf if it rechannelled floodwater and farm 

seepage towards the sea rather than into the Laguna. The Gulf 

ecosystem would be improved by fi-eshwater flows and this would benefit 

the local economy as well as improve shrimp habitat. In this case, the 

environment and economics are not necessarily in conflict or competing 

for the same resources. Instead, by restoring the productivity of the 

ecosystem in the Gulf, the surplus shrimp (as defined in Garcia) can be 

removed while the remainder thrives. Limits on the numbers of boats 

and catches could help ensure that the fishery remains viable for the 

upper Gulf. 

According to a variety of researchers, fireshwater flow would have a 

positive impact for the Delta and Gulf. Freshwater diverted towards the 
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Gulf would enhance wildlife habitat. Ducks Unlimited and Ducks 

Unlimited Mexico have prepared scientific studies and gather fimding to 

address the situation. Such an option must be reconsidered in light of 

the evidence presented. It is obvious to all that water is too valuable a 

resource to be lost in this desert landscape. 
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Pifure 1. Colorado River Watershed. 
Over 90% of the water in the Colorado River is derived from the Upper 
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Figure 2 - The Laguna Salada Basin. 
Sea-level elevation (in outline), historic boundary 
(dark) and the largest recorded extent of the lake 
(light) are marked. 
Source: Prepared by Sara Dalton from INEGI data 
(2002). 
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Fignre 3: Colorado River Flow at the Northern Intematioiial Boundary. 
The large surges were Qood waters released by the Army Corp of Engineers 
to protect diversion structures. These floods were associated with El Nino 
events and they reached the Laguna Salada. 
Source: USGS 



150 

Colorado River  
Channel  

Figure 4. Landsat MSS Satellite Image from June 28, 1985. 
Water is flooding towards the Laguna Salada to the northwest. 
The Colorado River's channel in the southeast flowing towards 
the Gulf of California is nearly empty. The Cienega de Santa 
Clara is fed by an agricultural draniage canal from the U.S. 
The area in the northwest comer is the San Luis Rio Colorado 
Irrigation District in Mexico. 
Source: Arizona Regional Image Archive. 
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Figure 5. OiTshore Shrimp Boats, Guaymas, Mexico. 19S3-1990. 
The numbers dramatically increased in the 1970's. The shrimp populations 
collapsed and this was followed by a sharp decline in the number of fishing boats 
in the 1980's. There was a rebound after the 1983 El Nino. 
Source: Delegacion Federal de Pesca. 
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Picure 6. Shrimp harvest from the Upper Gulf of California in Metric Tons. 
1957-1997. 
This data is from two ports in the Upper Gulf of California; San Felipe and El 
Golfo de Santa Clara. El Golfo lies within the Biosphere Reserve eind only had 
data available from 1987-1997. There was a major decline in shrimp production 
in 1981 followed by a rebound in 1983. But the rebound was below catch in 
previous decades. 
Source: Delegacion Federal de Pesca. 
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Figure 7. Shrimp Catch in the Gulf of California in Thousands 
of Tons. 1950-1985. 
The catch is marked by high interannual variability. For the entire 
35 year period, the early 1980's decline and rebound does not 
appear remarkable. The rebound in catch after the 1983 El Nino 
returns the catch to the same level as for the previous decade. 
Source: Magallon, 1987. 
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FiCure 8. Other species of fish harvested near the mouth of the Colorado 
River from 1987 - 1996. 
The species data is for sierra, corvina (sea-bass), and chano. These species are 
less profitable than shrimp and did not begin to be harvested until after shrimp 
population declines and economic crisis within the shrimp industry 
necessitated such a shift. The dramatic increase in harvest was not sustainable 
and variability by 1995 can be seen in the sierra and chano catches. 
Source: Delegacion Federal de Pesca. 
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Figure 9. Flooded Area of the Laguna Salada in Square Kilometers. This 
figure shows the number of flooded pixels in the Laguna Salada for the given 
data set. Each pixel is 1 square kilometer. This figure was derived from 
AVHRR data. 
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Figure 10. Representative images 
showing water in the Delta region. 
These images were derived from 
AVHRR NDVI MVC datasets. The 
data was collected in February, 1989; 
April 1990; sind March, 1994 
(clockwise from upper left). The large 
figure in the upper portion of each 
image is the S^ton Sea and the large 
figure in the bottom is the Gulf of 
California. The gray outline shows 
the approximate area of the Laguna 
Salada below sea-level. 


