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PREFACE 

The Colorado River system has often been referred to as 
"the most regulated river system in the world." The Colorado 
River Basin serves millions of people through agricultural, 
energy, municipal and industrial uses, fish and wildlife 
activities, and recreation. The symposium was conceived and 
organized to allow researchers, private industry, consultants, 
water users, regulatory agencies, and concerned citizens the 
opportunity to express needs, desires, and concerns about the 
vast resources of the Colorado River. 

We found that there were a diverse number of problems 
confronting the individuals who are involved in the management 
of this important ecosystem. A variety of broad topics have 
been presented which include: water policy and major 
diversions; energy impacts; oil shale development--resources 
and impacts; Lake Mead and the other major reservoirs in the 
system; the ecology and management of the watershed and the 
riparian habitat in the system; fisheries; salinity problems; 
sedimentation; eutrophication; flow depletion; and water 
augmentation. 

This timely symposium brought together many individuals, 
representing a variety of disciplines, to discuss and transfer 
information appropriate to the needs of the Colorado River 
Basin. The results of this symposium, which have been compiled 
herein, are an attempt to examine current and projected 
effects of water and land management within the Colorado River 
Basin and to provide a basis for determining what can be done 
to better manage the resources within the total context of 
activities affecting the Colorado River Ecosystem. 

()~ 
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PART 1 

KEYNOTE SPEAKERS 



CHAPTER 1 

THE COLORADO, A RIVER FOR MANY PEOPLE 

Bill Plummer 
Bureau of Reclamation 
Boulder City, NV 

The Colorado River is a life-sustaining water resource 
that winds more than 1,400 miles through seven stages and two 
countries. Because this ribbon of water descending from the 
snowcapped Rockies to Mexico's Gulf of California is the pri
mary source of water for much of the basin it drains, the 
wellbeing of many communities in the basin is directly related 
to management of the river. 

The Colorado's drainage basin encompasses 242,000 miles 2 

in the United States, or one-twelfth of the country's land 
area, and 2,000 miles 2 in Mexico. Within the basin, the 
River's waters are used for irrigation, municipal and indus
trial purposes, hydroelectric power generation, fish and wild
life enhancement, and recreation. In addition, some of its 
waters are exported outside the basin to densely populated 
metropolitan areas. 

Many water resource people have labeled the Colorado 
"the World's most regulated river." This need for control is 
the result of: 1) the scarcity of water in the areas served 
by the River, and 2) a long history of competition and struggle 
for this resource. 

Use of the River's waters is regulated by various legis
lative and other legal acts -- known collectively as the "law 
of the river"-- that have been implemented through the years. 
The Secretary of the Interior operates the Colorado, in con
sultation with the seven basin states, according to the man
dates of these documents. 

The first of these major documents was the Colorado 
River Compact, dated November 24, 1922. This compact divided 
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use of the River ' s water between the upper and lower basins 
at a point about a mile below historic Lee ' s Ferry , near the 
Paria River, in northern Arizona . In essence, it apportioned 
7. 5 million acre-feet of water annually to both the Upper and 
Lower Basins and paved the way for construction of works to 
control , regulate , and utilize the stream. 

In 1928, the Boulder Canyon Project Act , which authorized 
Hoover Dam, apportioned the Lower Basin ' s 7 . 5 million acre
foot entitlement in a manner which annually provides Califor
nia with 4 . 4 maf ; Arizona with 2 . 8 maf, and Nevada with 0 . 3 
maf . This apportionment was reaffirmed by a 1964 United 
States Supreme Court decision . 

In 1944, the United States entered into an international 
treaty with Mexico which assured that country 1.5 maf of 
Colorado River water annually. The Upper Colorado River Com
pact, signed in 1948 , permitted Arizona to use 50 , 000 acre
feet of water annually from the Upper Basin, and apportioned 
the remaining water among the Upper Basin states . By percent 
age, that distribution was : Colorado, 51 . 75 percent ; New 
Mexico , 11 . 25 percent ; Utah, 23 percent ; and Wyoming, 14 per 
cent . This compact also provided that the Upper Basin states 
could divert more than their entitlement if return flows were 
sufficient to make up the delivery requirement to the Lower 
Basin states and Mexico . 

After all these allocations had been made, the availabil
ity of water began to be questioned. The 1922 apportionment 
between the basins had been based upon river data collected 
between 1906 and 1921 -- 15 years which now appear to have 
provided the system with more water than might be expected 
for the long- term average runoff . 

The implications of this revised river flow information 
soon became obvious . After delivering the guaranteed 7 . 5 
maf average annual release to the Lower Basin, the Upper 
Basin mayor may not have 7 . 5 maf available for use . 

As it became evident that less water was available than 
earlier supposed , as agricultural and municipal water supply 
projects became a reality, and as population and use rates 
in the southwest soared , prudent management of the Colorado 
became an absolute necessity . Its waters, after all , are 
used for many purposes, and serve many diverse interests , 
throughout the Basin . 

For instance, more water is delivered for agriculture in 
the basin than for any other need . But because of a shorter 
growing season, the agriculture of the Upper Basin is gener
ally less intensive . In the Lower Basin , agriculture is 
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almost entirely dependent on Colorado River water . The 
availability of this water, coupled with a year-round grow
ing season, has resulted in some of the world's most produc
tive farmland. 

Municipal and industrial water is also a need in both 
basins . However, the demands for such water in the Lower 
Basin are currently about 10 times greater than the demands 
of the Upper Basin . When the Central Arizona Project begins 
delivering water to Phoenix and Tucson in a few years, and 
the Southern Nevada Water Project delivers additional water 
to Las Vegas, that figure may go higher. 

Flood control is also a need of both basins . Here again, 
mainstem flooding of the Colorado has been a far more serious 
problem on the Lower Basin, particularly at the lower end of 
the River . 

Hydroelectric power generation is another use for the 
River ' s waters in both basins, although this is considered 
an important by-product of the storage and delivery of water 
for other purposes . During 1980, the Bureau ' s hydroelectric 
powerplants on the Colorado River and its tributaries gener
ated 13 billion kilowatt-hours of energy -- enough to supply 
the needs of 4.3 million people for one year . Much of this 
power was generated in response to peak demands for electric
ity . Hydroelectric plants are extremely valuable sources of 
electricity because of their ability to provide immediate 
peaking power without costly warmups. 

Recreation is an important fringe benefit of our water 
resource projects in both basins. Two of the most signifi
cant recreation areas are Lake Powell, in the Upper Basin, 
and Lake Mead, in the Lower Basin. Together, these areas 
attracted approximately seven and a half - million visitors in 
1980. 

The Colorado River and its adjacent riparian areas con
tinue to provide valuable habitat for fish and wildlife . 
Trout , largemouth and striped bass, and channel catfish are 
the dominant gamefish population in the river basin . The 
Colorado River flyway has long been recognized as a major 
migration and wintering area for many game and nongame species 
of birdlife . Working with the Fish and Wildlife Service and 
state and local agencies, Reclamation has helped improve fish 
and wildlife habitat along selected sections of the river. 
Beal Slough, a filled backwater renovated to enhance fish and 
wildlife values on the Lower Colorado River near Needles, 
California, is an example of this type of work. Modification 
of the powerplant intakes at Flaming Gorge Dam in Utah is 
another example . This work was performed to help restore the 
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blue-ribbon trout fishery on the Green River below the dam . 

It is obvious from these very brief user summaries that 
"managing" the Colorado River means different things to 
different people . To some, it means a life- sustaining supply 
of water , to others, flood control for protecting their prop
erty, and to still others, it means creation or enhancement 
of significant recreational resources . 

All Colorado River water users would probably agree that 
management of this river for many people has changed it from 
a natural menace to a national resource. What some of them 
overlook is that the benefit they derive from the River is 
just one of many provided by our multiple- use management pro
grams . The use problems stem from the fact that all of these 
benefits cannot be fully satisfied without some conflict . 

Solving these conflicts is a difficult task, but not an 
insurmountable one. Reclamation does have defined responsi
bilities for managing the River . And we perform the task, 
without owning a drop of the administered water, for the 
benefit of the people comprising the communities and states 
of the Basin . In performing this task, we coordinate and 
consult a great deal with other Federal agencies, state agen
cies, water users, and other interested parties. 

Consider Reclamation ' s responsibilities and priorities 
for managing the Colorado River . Current operation of the 
Colorado River by the Bureau of Reclamation is based largely 
on forecast of runoff, available storage, and requirements or 
demand for water all according to applicable laws. 

As required by the Colorado River Basin Project Act, 
o~eration of Reclamation reservoirs in the Basin is coordi
nated under long-range criteria issued in June, 1970 . These 
criteria state that the objective shall be to maintain a 
minimum release of 8,230,000 acre-feet of water from Lake 
Powell annually, and also state that a reservoir operating 
plan must be developed annually for the Colorado River. 

Under these criteria, the Secretary of the Interior 
determines how much water must be retained in Upper Basin 
reservoirs each year in order to meet obligations to the 
Lower Basin without impairing the Upper Basin ' s consumptive 
uses . When Upper Basin storage is greater than the amount 
needed, releases above the minimum are made to maintain, as 
near as possible, active storage in Lake Mead equal to active 
storage in Lake Powell . 

A third facet of the criteria is that they provide that 
all reasonable consumptive use requirements of all mainstem 
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users in the Lower Basin will be met without cutback until 
such time as deliveries commence from the Central Arizona 
Project . 

Releases in excess of downstream water requirements were 
made in 21 of the 27 years of operation between completion 
of Hoover Dam and completion of Glen Canyon Dam. With closure 
of Glen Canyon Dam in March, 1963, the storage capability of 
the Colorado River reservoir system was essentially doubled . 
'~ile Lake Powell was filling, essentially all excess water 
in the Colorado was put into storage -- an annual average of 
two million acre-feet . However, a combination of three 
successive years of above average flow, coupled with the 
June 1980 filling of Lake Powell , resulted in nearly five 
million acre-feet of water in excess of downstream require
ments being released from lower Colorado River dams from May, 
1979 to January , 1981 . 

These excess releases were made in accordance with pro
visions of the Boulder Canyon Project Act. This legislation 
tends to alleviate one of the Lower Basin ' s most pressing 
management conflicts : when water should be stored for future 
use, and when water should be released to provide flood storage 
space in the reservoir . 

Basically, the Boulder Canyon Project Act states that 
flood control will be the number one priority in operating 
Hoover Dam . Water storage and delivery and hydroelectric 
power generation have lesser priority . 

The criteria for operating Hoover Dam under flood control 
conditions have been developed jointly by Reclamation and the 
U. S . Army Corps of Engineers . These criteria are reviewed 
and modified from time to time as conditions warrant . A pub
lic involvement program was conducted in 1979 to obtain updat
ed input from the many people affected by the Dam ' s operation . 
A report citing the findings of this program should be pub
lished within the next few months . 

The report stresses a plan for controlling flood flows 
to nondamaging levels while simultaneously making optimum use 
of these flows for hydroelectric generation . It also inte
grates the Upper Basin reservoirs into the overall flood con
trol capability of Hoover Dam and Lake Mead . 

Incidentally, all these excess flows were released 
through our hydroplants on the lower river . Although we 
release water only when it has been requested, or when it is 
dictated by flood control requirements, we do put -the water 
to work as it flows through the system . 
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Mexico also used these excess flows for leaching, double 
cropping, and irrigating additional lands . To the extent we 
were able, we scheduled these excess flows to try to accommo
date Mexico's needs and use capabilities . 

In January of this year, with a below average runoff 
forecast, we cut river flows back to the routine condition of 
water being released only in sufficient amounts to meet down
stream requirements. And, although we are temporarily relieved 
from the threat of high flood control releases, we still fore
see a fairly high probability of encountering a similar situ
ation during the next few years . 

Encroachment upon the river floodway, particularly in 
the Lower Basin, has become a serious problem in recent years . 
Much of this land is in private ownership and not federal 
control. In the absence of routine flood control releases, 
development has occurred in and near the floodway that was 
designated to accommodate such releases. When the Central 
Arizona Project begins operation in 1985, the additional water 
used will significantly reduce the likelihood of having to 
operate the reservoirs under flood control regulations. 

Legislation also defines the position of fish and wild
life interests in the operation of the River . The Fish and 
Wildlife Coordination Act requires that planning for any fed
erally funded water project must include consideration of the 
project's impact on fish and wildlife . We also operate under 
direction of the National Environmental Policy Act of 1969 and 
the Endangered Species Act, and consult regularly with state 
and federal fish and wildlife authorities . 

As an example of our commitment to fish and wildlife 
interests, consider a study being conducted at Lake Mead. 
Each spring the water orders from downstream irrigation dis
tricts increase . Unfortunately, this coincides with the 
annual bass spawning period . These increased releases gener
ally lead to a decrease of the lake level, a condition which 
may affect the bass spawn. Although the reservoir must oper
ate according to the established priorities, a five- year study 
of the Lake Mead bass population has been initiated in coop
eration with the states of Nevada and Arizona which will 
attempt to identify the role of fluctuating lake levels on 
the bass population. 

For many years we were concerned primarily about the 
quantity of water available in the River. More recently, we 
have also become concerned about the quality of this water-
specifically, the salinity of Colorado River water . The push 
for salinity control was given emphasis when Mexico complained 
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in the early 1960s about the increase in the salinity of water 
being delivered to them under terms of the 1944 treaty. After 
several years of negotiation between the two countries , and 
adoption of interim control measures, we entered into an 
international agreement for a permanent and definitive solu
tion relative to the salinity of Colorado River water deliv
ered to Mexico. 

In order to meet the terms of the agreement, the Colorado 
River Basin Salinity Control Act was signed into law in 1974. 
The Act had two parts, Title I and Title II. The Title I 
portion was concerned with salinity control measures upstream 
of Imperial Dam. Although the act contained no provisions for 
fish and wildlife mitigation measures, Title I has since been 
amended to include this provision; to date, no mitigation 
measures have been included for Title II. 

The heart of the Title I measures is the Yuma Desalting 
Plant, which will remove enough salt from irrigation return 
flows to make the water acceptable for delivery to Mexico. 
Preparation of the plant site, four miles west of Yuma, is 
nearly complete . Contracts have been awarded for the produc
tion of the reverse osmosis membrane units, and one of the 
two manufacturers has been notified to begin production. 

Other water salvage operations of the Title I work are 
also nearing completion . Lining the first 49 miles of the 
Coachella has now been completed , and our protective and 
regulatory well field near the U.S.- Sonoran border is par
tially operative. When completed , Title I features are ex
pected to make over 300,000 acre-feet of additional water 
available for use in the arid Southwest. Title II measures 
are designed to reduce salt inflows into the Colorado from 
particularly saline areas upstream of Imperial Dam. 

Four projects -- two in Colorado, and one each in Utah 
and Nevada -- were originally authorized for construction . 
Two of these, the Grand Valley and Paradox Valley units in 
Colorado, are under construction and advance planning is 
underway on the Las Vegas Wash Unit in Nevada. There is no 
activity on the Crystal Geyser , Utah, Unit. Planning studies 
are also underway on twelve additional areas -- four in 
Colorado, five in Utah, and one each in Wyoming, Nevada and 
California. 

About one-half of the dissolved salts in the River today 
can be attributed to man's development and utilization of 
this resource. Increased salinity lessens the quality of the 
water for both agricultural and municipal use. For every 
milligram per liter, we can reduce the salinity of water 
arriving at Imperial Dam, a benefit of about $472,000 may be 
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realized by water users . 

What about future management of this highly complex river 
system? Despite the fact that we have more than the equiv
alent of three years of average runoff stored in Colorado 
River reservoirs, and despite our concerns over potentially 
high flows in the future, there is no overlooking the fact 
that eventually we must deal with water shortages in the 
basin . While we cannot absolutely predict when, how long, 
or how severe these shortages may be, our studies indicate 
that there is a strong ?ossibility of significant shortage 
in the Colorado ' s water supply within the next twenty to 
twenty-five years . 

Because of the importance of the Colorado River for the 
many millions of people and the wildlife it serves , we must 
plan for and implement measures that will enable us to mini
mize the effects of drought periods and make maximum use of 
the water available during high runoff years . 

There are several avenues available to stretch present 
uses of water to help meet the dry times. Principal among 
potential water saving methods are better onfarm irrigation 
efficiency, lining water conveyance facilities, perfecting 
water transport schedules, recycling return flows, and man
aging high water- consuming vegetation, to mention only a few. 
Water supplementing techniques, such as cloud seeding or 
upper watershed management have also been proposed . 

Over the past several years, reclamation has been 
actively developing " Irrigation Management Services" (IMS) . 
This is a method of providing the farmer with solid recommen
dations for managing his irrigation practices to assure 
effective use of the land and water resources . The program 
basically determines when and how much crops should be irri
gated for maximum production and maximum water use . Ulti
mately, we foresee when an irrigation district ' s water will 
be based more precisely on crop need and water holding capa
bility of individual fields rather than on convenience and 
historic practice . 

Future trends in water use have been developing for some 
time . Present use must frequently be reexamined to ascertain 
that these trends will preserve water quality and at the 
same time meet people's needs. Thanks to the existence of 
reservoirs like Lake Mead and Lake Powell , Colorado River 
users have both a reliable and a sufficient water supply for 
some years to come. 

But many questions are being asked about future uses of 
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Colorado River water. To cite a few: Should we use the 
water to irrigate more lands? Expand cities and industries? 
Cool thermal electric plants? Develop shale deposits? 
Improve fish and wildlife habitats? Should we stretch the 
water supply by encouraging a shift from crops that use a lot 
of water to those that use less water? The answer to these 
questions must come from the basin states. They must decide 
on priorities, within the "Law of the River," and thus direct 
future water use. We are looking forward to long-term coor
dination with water, power, wildlife, and land interests to 
manage the Colorado River to meet the Hater supply needs of 
the basin states. 
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Bob Jacobsen 

CHAPTER 2 

COLORADO RIVER MANAGEMENT 
TO ENHANCE AQUATIC RESOURCES 

U. S . Fish and Wildlife Service 
Salt Lake City, Ut a h 

River management problems as they relate to wildlife and 
fish will be dealt with first . Problem identification is 
really quite simple . It is man ' s uses of water versus fish 
and wildlife uses of water . The solution to these problems 
is similar to placing man on Mars : it is going to require a 
great deal of scientific exploration to achieve a balanced 
management of water and fish and wildlife resources . 

Man ' s uses of the Colorado River are well documented 
and they will be further documented in this symposium . Tra
ditional uses, such as darns for irrigation purposes , muni
cipal and industrial purposes are well known, but all too 
often these projects and uses of waters have continued to 
result in losses of fish and wildlife . It is an insidious, 
ever growing loss . Currently , we are beginning to see rapidly 
expanding losses of fish and wildlife habitat . The expanded, 
unimpeded coal leasing program , oil and gas leasing, the oil 
shale program , uranium development, and power production are 
just a few of those uses by man that we are all too aware of . 
Losses of riparian habitat are expanding as development occurs . 
Riparian habitat losses can be lost through transportation 
and sand and gravel operations which provide for increased 
populations . The projections for population growth in the 
Colorado River system point to potentially three and a half
million people living in the upper basin . Salinity control 
is another problem which may very well result in additional 
losses of fish and wildlife resources . 

Man ' s needs are readily understood in the Colorado River 
system. Institutionally , they are well known . There are 
local organizations and support . There is industrial support 
for uses of water. There are state water laws, compacts and 
agreements, all very well understood . However, fish and 
wildlife needs and uses remain poorly understood to this day . 
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Traditionally, most everyone in the Colorado River drainage 
area thought that wildlife was a vast, expendable resource . 
Tremendous losses have taken place and now listings of species 
as endangered or threatened are appearing . There has been a 
poor understanding of the biological requirements of these 
species . To this day we still have a poor understanding of 
the numbers of fish and wildlife : deer, for example. 

All too often there is never enough time to address a 
project adequately in terms of what its true impact will be 
to fish and wildlife . And so the Fish and Wildlife Service 
and state game and fish agencies are viewed as organizations 
that are in opposition to the developer when we are merely 
saying we need to study, study, study. We are forced to try 
and baffle people with rhetoric. Our posture quite often has 
been to oppose projects which have less than satisfactory 
data with less than satisfactory data. There is a lack of 
true grass roots public support . Thorough public understand
ing is lacking on fish and wildlife values . For example , 
the Colorado River Squaw fish , Humpback Chub, Bony tail Chub 
are considered trash fish by people in Montrose, Colorado . 
The snail darter has become a symbol to the developer because 
it stood in the way of progress, and then, when all of a 
sudden progress took place, we began finding snail darters 
everywhere . Everybody points to the snail darter. Environ
mental groups are totally supportive of fish and wildlife 
values, but quite often for the wrong purpose, using the 
Endangered Species Act to stop projects when there is no other 
way to do so . However, I should point out that ther e is 
national support for fish and wildlife . Polls recently con
ducted show that fish and wildlife values are of utmost concern 
to the United States public. Therefore, I would propose that 
in working with the Colorado River system, we must look at 
fish and wildlife as a use of water . 

There are a number of laws protecting fish and wildlife 
resources: state and federal laws. Most of these are poorly 
understood except for hunting laws. Everybody knows full well 
that you are not to hunt out of season. However, what acts 
protect the wildlife when you are not hunting is poorly under
stood . The Endangered Species Act, Fish and Wildlife Coor
dination Act, Migratory Bird Treaty Acts, Bald Eagle Act, and 
the Clean Water Act , Section 404, all protect fish and wild
life . Defining just what species we are actually concerned 
with in the Colorado River system becomes a problem : trout 
versus squaw fish, consumptive versus nonconsumptive species , 
deer versus dicky birds. Consider aquatic resource manage
ment . In the biological field we tend to separate aquatic 
and terrestrial resources, but they are very interdependent . 
Although this symposium is dealing with aquatics, the same 
issues apply when dealing with terrestrial resources . 
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Instream flow is really the bottom line in dealing with 
aquatic resources. There are legal problems. Few states 
recognize the value of instream flows for fish . However, 
Colorado is one state in the Colorado River Basin that actually 
does recognize instream flow and has the legal mandate to 
protect instream flow for fishes. Instream flows are poorly 
understood by most developers and generally the public. When 
looking at aquatic resources and instream flows , often the 
developer's standpoint is that if the lowest flow occurred in 
1922, that is all the water you need to protect fish . The 
dynamics of instream flow issues need to be recognized by 
everyone . These issues include: water quality; watershed 
inputs in terms of sediments; particulate organic matter 
and nutrients; flow regime; physical habitat structure, such 
as channel form ; substrate distribution; and riparian vege
tation. 

Certain specific action has been taken to deal with 
instream flow issues. In 1980, due in large part to Bill 
Plummer 's efforts, we entered into an agreement which was 
signed by the Department of the Interior, the Governor of 
Utah , and the Central Utah Water Conservancy District to 
recognize instream flows for fish . We are working on a num
ber of Bureau of Reclamation projects, state projects such as 
the White River Dam, private projects such as Rawley Fisher 's 
Juniper Springs, Cross Mountain Project, and other private 
projects to determine how the projects can proceed and still 
provide fish and wildlife habitat. We are looking specifi
cally at the endangered species problem in the Colorado 
River system. 

The Bureau of Reclamation, Bureau of Land Management, 
National Park Service and Fish and Wildlife Service have 
funded a long term study (over two years) of the Colorado 
River fishes in terms of trying to find out what their life 
history is and what the flow requirements are, not only for 
those that are listed but also for those that are in danger 
of becoming extinct . We can no longer afford the time to go 
out and look and study in the field for the appropriate amount 
of time precisely what a project is going to do in terms of 
regional impacts on fish and wildlife. Thus, we are employing 
the latest in computer technology and considering rapid 
assessment methodology. We've developed a map indexing system 
for the states of Colorado and Utah. This system, which is 
also being used in other basin states, allows the user to 
look through the computer at what maps might be available for 
fish and wildlife resources in a given area . We are consider
ing a water-for-energy computer model, which will give the 
user an opportunity to look at a project and translate the 
flow all the way down the Colorado River system. 
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Perhaps more important than these uses of computer tech
nologies is an early input into planning . We are getting 
involved in a Bureau of Land Management planning for billions 
of acres in an effort to get fish and wildlife values included 
before final decisions are made . One question relating to 
future planning is, "Are we in time to make a difference? " 
Quite often, we feel that we are losing our resources by bits 
and pieces when in fact, it is a slow, insidious loss that is 
hardly recognizable . However, right now we are faced with 
development in massive proportions and so we need to deal with 
that . We are looking at regional environmental impact state
ments for overthrust oil and gas leasing . We are looking at 
regional environmental impact statements for coal development . 
We are presently participating in a regional environmental 
impact statement for synfuels development in the Uintah Basin . 
We are also looking at pipelines for synfuels delivery . Com
munication problems between fish and wildlife resource managers 
and the developers are a vital concern . There are institu
tional barriers between universities and federal agencies and 
among federal agencies , and, in some cases, state/federal 
relations are not the best . However, there are some positive 
actions which will be completed within the near future. 

We will soon be completing our field studies on t he 
Colorado River endemic species . Field work will be completed 
by January , 1982, and reports issued . We will be preparing 
a conservation plan for the endangered species of the Colorado 
River system, which will largely deal with how we can protect 
and preserve those species that are so near extinction , in 
some cases, and still allow water development to take place . 
We are about to complete our data entry into various computer 
systems which should be useful to many state , federal and 
private agencies . 

Managing fish and wildlife resources in the Colorado 
River has a long way to go . Many communication problems and 
problems in getting public recognition of fish and wildlife 
resource needs still exist and hopefully, this symposium will 
at least add information which can be useful to all of us . 
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CHAPTER 3 

SALINITY AND PHOSPHORUS ROUTING 
THROUGH THE COLORADO RIVER/RESERVOIR 

SYSTEt1 

Jerry B. Hiller 
David L. Wegner 
Donald R. Bruemme r 

Upper Colorado Region 
Bureau of Reclamation 
Salt Lake City , Ut ah 

INTRODUCTION 

The development of storage reservoirs on the Colorado 
River system, accompanied by the water and land use development 
during the past 30 to 40 years, has brought about significant 
changes to the physical, chemical, and biological balances of 
the Colorado River Basin. 

Although sediment transport, temperature, biological 
productivity, and light penetration are mentioned, we have 
chosen to focus on salinity and phosphorus relationships in 
the reservoir sequence of Fontenelle, Flaming Gorge, Lake 
Powell, and Lake Mead (Figure 1). 

A river/reservoir system is never in a state of static 
equilibrium, but is dynamic in its response to changing 
hydrological and chemical conditions. Each of the four 
reservoirs that we are examining has, to varying degrees 
altered this dynamic equilibrium, requiring the system to 
establish a new balance. 

This paper is an overview of the complex physical and 
biological interactions which presently define the Colorado 
River Basin. 

In order to develop a perspective of the influence of 
the four-reservoir sequence, it is necessary to take into 
consideration the climate, geology, and hydrologic character 
of the river basin. 
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Climate 

The Colorado River Basin ranges in elevation from sea 
level to over 1450 m (14,000 ft). The component tributaries 
flow through complex mountain systems, elevated plateaus, 
and deserts with all but the mountains being primarily 
arid. While the greatest climate contrast is between the 
desert province in the south and the mountain province to 
the north, significant local variances are also present. 
Temperatures may vary from -40 to 120 0 F seasonally, with 
precipitation ranging from 6 to 60 in. per year. In the 
majority of the river basin's surface area, the evaporation 
potential far exceeds local precipitation. This high 
evaporation rate concentrates the dissolved minerals in the 
remaining water and is a factor in determining the high 
salinity values in the Colorado River. 

Geology 

The geology of the Colorado River Basin is as varied as 
the climate. The igneous and metamorphic rock forming the 
headwaters region produces cold, crystal clear streams often 
lacking in sufficient dissolved minerals to support a diverse 
aquatic community. However, as the river flows downstream 
it contacts marine deposits containing salts and fine-grain 
sediments which can over a few miles change the pristine 
streams into torrents of mud, salts, and nutrients. 

Large quantities of salts, sediment, fossil fuels, and 
evaporite minerals are available, particularly in numerous 
marine deposits of the geosynclinal basins. The flow regime 
of the basin has mobilized many of these salt and phosphate 
deposits. In those areas where the salt has become most 
mobile, either naturally or due to man's influence, salinity 
control projects have been designated. 

In addition to the readily available salts, deep 
~eosyncli~al basin~ and impermeable aquicludes temporarily 
lsolate hlghly sallne, static, ground water from the hydrologic 
forces. Control of the major mobilized salt sources in the 
14 USBR designated Colorado River salinity control project 
areas [1] is very important to the future development 
of the, remaining water resources. It is equally important 
t~at,wlth the ~evelopment of the mineral and energy resources 
wlthln the basln, care be taken not to mobilize presently 
static saline systems. 

Hydrology 

Wet and dry cycles have played a significant role ln 
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bringing abou t the developm~ nt of the Co l orado River/Re servo i r 
complex. In the past, the annual flow of the river has 
varied from less than 6 million acre-feet to over 20 million 
acre-feet per year [1]. The reservoir system allows storage 
of sufficient water to maintain the flows of the river to 
meet downstream needs during dry periods. 

The construction and filling of the mainstem reservoirs 
of the Colorado River Basin have brought about significant 
changes in the hydrologic cycle. In addition to the major 
reservoirs, numerous smaller reservoirs are found throughout 
most of the tributaries. Since major storage began with 
Lake Mead in 1935, to the conclusion of the initial filling 
of Lake Powell in 1980, the reservoirs in the Colorado River 
Basin have developed a storage capacity equal to approximately 
four times the total average annual flow of the entire Colorado 
River (Figure 2). 

Reservoir Limnology/Downstream Hydrology 

During initial reservoir filling, the rising waters 
inundate soils rich in nutrients, organic matter, and salts. 
Initially, the rising water will leach out the soils, parti
cularly during the shoreline wave action phase. Quantities 
of water also go into bank storage, varying with the 
permeability of the underlying geology. 

The typical reservoir of this system is usually highly 
productive during initial filling. As filling continues, 
the inflowing sediment is distributed over the reservoir 
area and temporarily locks in the underlying nutrients and 
salts. Leaching of those materials below the wind mixed 
epilimnion is substantially decreased due to the lack of 
mechanical action. Eventually a chemical balance will 
develop between the water column, sediments, and bank 
storage. Again, a fluctuating reservoir is not a static 
environment, but is in a state of dynamic equilibrium and 
responds to changes in the hydrologic, climatic, and chemi
cal conditions. 

The most readily noted impact from the reservoir is the 
change in the suspended sediment, water temperature, and 
flow patterns downstream. Figures 3 and 4 illustrate how 
the flow and salinity patterns have changed below Flaming 
Gorge and Glen Canyon Dams. 

It is the transition of the inflow conditions through 
the internal reservoir circulation which determines downstream 
conditions. The two most significant factors determining 
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the downstream conditions are the flushing rate (hydraulic 
detention time) and the depth of the withdrawal [2,3]. 

SALINITY TRENDS 

Salinity trends at Lees Ferry and Imperial Dam are 
shown in Figures 5 and 6. During the period 1970-80, the 
salinity levels at Imperial Dam have not fluctuated in 
relation to the hydrologic cycle, but rather have declined 
continuously throughout that period. 

Reservoir storage and salt routing may account for a 
significant part of the decline in salinity at Imperial 
Dam; however, the effect of reservoirs represents only one 
variable of many. The following is a partial list of the 
variables which may result in the salinity trends at 
Imperial Dam: 

use. 

(1) Natural fluctuations in the hydrologic cycle. 
(2) Irrigated lands. 
(3) Concentration due to evaporation and consumptive 

(4) Decreased leaching and ground water recharge of the 
flood plain, due to flood control by the reservoirs. 

(5) Potential new sources of salt such as static 
saline ground water systems which could be mobilized by 
various natural resource development activities. 

(6) Switching the reporting of total dissolved solids 
(TDS) from evaporation residue at 180 0 C to sum of the 
constituents. 

(7) Salinity control projects. 
(8) Erosion control. 
(9) Reservoir effects. 

During the past 20 years, significant changes have 
occurred as a result of the variables listed. Some changes 
have increased the salt load while others have led to 
decreasing salinity. Hopefully from the studies presented 
at this symposium and ongoing research, the significance of 
each variable will be addressed. 

Reservoir Effects on Salinity 

The Bureau of Reclamation has used both hand calculations 
and the Colorado River Simulation System (CRSS) computer model 
to make salinity projections according to the future develop
ments anticipated in the Colorado River Basin. The CRSS model 
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is currently based on the assumption of a once- a - mont h com
plete reservoir mix and does not allow for analysis of in
reservoir salinity reactions and movements . Consequently , 
the predictions may not be accurate in respect to the actual 
salinity processes occurring . St udies now indica t e t hat 
reservoir processes which affect salinity include leaching , 
precipitation, selec t ive storage and routin g , concentrat i o n 
due to evaporation , bank sto r age , and the flow weighted 
averaging over a period of several years . The Bureau of 
R c lamation is currently studying these problems to improve 
lh salinity modeling capabilities in the near future . 

With the closure of Glen Canyon Dam in 1963, the actual 
surface storage in Flaming Gorge, Lake Powell, and Lake Mead 
increased from about 20 million acre-feet (MAF) to over 43 
MAF by 1975. Figure 2 indicates that the majority of this 
storage occurred during the relatively wet period of 1968 to 
1975. As total storage increased, the annual salinity 
fluctuations downstream were dampened due to a 2- to 4-year 
hydraulic detention time being developed within Lake Powell 
and Lake Mead. 

The flow weighted annual salinity trends at Lees Ferry 
and Imperial Dam (Figures 5 and 6) show several interesting 
variations. From 1960 to 1970 the salinity at Imperial Dam 
generally fluctuated at a I-to-2 year time lag, and with 
the same directional trends as Lees Ferry. Contrarily, 
for the time period from 1970 to 1980, the salinity levels 
at Imperial Dam continuously declined and did not reflect 
the increases at Lees Ferry in 1973 or 1977-78. The sharp 
decrease in salinity in 1980 was primarily due to increased 
(anticipating flood control) releases past Imperial Dam. 

The salinity reduction at Imperial Dam may also be 
correlated with the fact that Lake Powell selectively 
retained the most saline inflows during the dry periods 
of 1967 and 1977. Figure 7 shows that at the Wahweap site 
(near the dam) the TDS increased at elevations 975 m 
(3200 ft.) and elevations 1036 m (3400 ft.) by 260 mg/l 
and 350 mg/l, respectively. The differences in TDS between 
the reservoir surface and bottom at the Wahweap site (1067 m 
to 975 m) during 1967 average about 300 mg/l. This difference 
declined gradually to about 140 mg/l in 1977. This sequence 
was repeated as the 1977-78 fall and winter inflows arrived 
as an underflow, density current at the Wahweap site in 
December through April of 1978. This salinity trend then 
re~ersed and again increased to a difference of over 300 mg/l. 
T~1s suggests that Lake Powell can temporarily retain 
h1gher density waters with greater salinity, particularly 
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during low inflow periods. The depth of the outlet, flushing 
rate of the hypolimnion, and density (produced by temperature 
and salinity) of the inflow all contribute to this process. 
Once the water is stored, dilution, leaching, precipitation, 
mixing, and bank storage all affect the saline water retained 
in the reservoir. 

A similar salinity sequence has been observed at Flaming 
Gorge Reservoir. A pronounced salinity profile and chemocline 
have been documented by USGS [4,5] and Bureau of Reclamation 
[6] limnological surveys at Flaming Gorge Reservoir. Figures 8 
and 9 show that the surface-to-bottom salinity variance near 
the dam was 300 micromhos in 1971 and 170 micromhos in 1981. 
This is very similar to the TDS trends observed at the 
Wahweap site in Lake Powell. 

In 1978 a major operational change to a selective 
withdrawal system was made at Flaming Gorge Reservoir. 
The summer releases in 1978 were changed from the hypolimnion 
to the epilimnion for downstream temperature control. 
Limnologica1 surveys and analysis are still ongoing, and a 
final determination on the impact of selective withdrawal on 
the salt routing, water quality, and aquatic ecology of 
Flaming Gorge Reservoir has not been made. However, the 
salinity profile shown in Figure 9 indicates that the 
chemocline in Flaming Gorge Reservoir is decreasing and the 
hypolimnion may mix during the fall turnover in 1981 
and spring turnover in 1982. The addition of the selective 
withdrawal and the continuation in the changing salinity 
levels of the chemocline indicate that Flaming Gorge 
Reservoir is still undergoing minor chemical adjustments 
towards a dynamic equilibrium. 

BoIke and Waddell [4] reported that Flaming Gorge 
Reservoir increased the load of sulfate and decreased the 
load of bicarbonate in the Green River from 1963 to 1972. 
They predicted that the rate of sulfate leaching would 
decrease after initial filling in 1972. 

Fontenelle, the headwater reservoir in the sequence, 
has a high flushing rate and a deep hypolimnion outlet. No 
significant variations in the TDS profiles have been observed 
with depth in this reservoir. 

Under present conditions, Lake Mead does not exhibit 
significant variation in salinity with depth. The maximum 
conductivity variations in the lower basin of Lake Mead were 
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30 to 65 mg/l in 1978 [7]. This is excluding the inflow 
density currents shown only in the shallow inflow areas. 
Lake Mead has a deep hypolimnion withdrawal and low seasonal 
TDS variance in the Colorado River inflow due to the 
attenuating effects of Lake Powell. 

The reservoirs have a significant impact on the 
seasonal salinity variation downstream, and also have a 
cumulative effect on the long-term salinity trends at 
Imperial Dam. There is evidence that the reservoirs trap 
bicarbonate due to calcium carbonate precipitation, but also 
leach sulfate (gypsum) [4]. The long term impacts on 
salinity cannot yet be precisely predicted because the 
period of record represents the initial filling for over 50 
percent of the storage capacity. 

Hydrologically, the reservoir pool levels and operation 
pattern observed since 1975 are probably typical of the 
future expected conditions. However, Lake Powell did not 
complete initial filling until 1980, and Flaming Gorge 
Reservoir is still undergoing minor chemical adjustments. 
Therefore, minor modifications to predicted trends may be 
observed. 

The data presented also suggest that Lake Powell 
and Flaming Gorge can selectively trap the most saline 
in f lows and retain these waters for several years. However, 
there is no assurance that this process will continue as the 
river/reservoir system approaches a more steady-state 
condition. 

The Bureau of Reclamation has several investigations 
ongoing to determine the long term effects the reservoirs 
will have on salinity. These include: 

(1) A two-dimensional thermodynamic/salinity reservoir 
model of Lake Powell and Mead. 

(2) An ion constituent study to determine changes in 
the chemical characteristics of the water, the causes of 
these changes, and their longevity. 

(3) Limnology surveys of Lake Powell , Lake Mead, and 
Flaming Gorge Reservoirs . 

(4) The continued development and improve~ent of the 
Colorado River Simulation System . 

(5) A study to improve evaporation estimates for the 
Colorado River Reservoirs . 
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(6) A study of selective withdrawal from Lake Mead. 

As the reservoirs approach a dynamic equilibrium 
and our understanding of long term effects on salinity 
improves, the accuracy of the Bureau's salinity predictive 
tools will also improve. 

PHOSPHORUS 

Eutrophication refers to the enrichment of nutrients 
and increases in primary productivity in water [8]. The 
trophic status, as it is reflected by the types and quantities 
of algae, largely deter~ines the fishing and recreational 
potential, dissolved oxygen, aesthetics, and general water 
quality for potable uses. In fresh water it is most generally 
considered that phosphorus is the key "limiting nutrient" 
which regulates primary productivity and determines trophic 
status. [2]. 

Eutrophication and its relationship to the available 
phosphorus supply have been the subject of keen interest in 
international research. Numerous empirical models have been 
developed to predict the trophic status of a lake based on 
the phosphorus budget [9]. It is important to note, however, 
that the lake must be phosphorus limited. 

These empirical phosphorus models are beneficial, 
but their basic assumptions are conditional to well mixed 
lakes, not to stratified run-of-the-river reservoirs with 
deep outlets. 

In the Upper Colorado River Basin phosphorus has 
been mined and exported as fertilizer. In addition, vast 
formations of oil shale were deposited in ancient eutrophic 
lakes in Utah, Wyoming, and Colorado. The oil itself is the 
product of the tremendous algal biomass accumulations in 
these eutrophic lakes. These eutrophic lake deposits 
indicate that phosphorus is possibly more abundant in the 
geochemistry of the Upper Colorado River Basin than is 
typically found in other river basins. 

The seasonal thermal stratifications, deep outlets, 
and high flushing rates typical of many reservoirs present 
cbstacles to applying the empirical phosphorus models. In 
addition, the climatic effects particularly on reservoirs 
over 4000 ft. in elevation cause seasonal light and temperature 
variables which become physically limiting factors to 
primary productivity. 
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The factors which determine a lake's primary productivity 
have been classified into three groups [10]: (1) variables 
related to solar energy input (temperature and light), (2) 
variables in nutrient supply, and (3) variables in lake 
morphometry. Flushing rates for hydraulic detention time 
have also been recognized as being important in determining 
the residence time and availability of phosphorus [2]. In 
addition, the depth of the outlet, internal mixing, and 
density currents are key parameters which influence the 
residence time and physical/biological availability of 
phosphorus in reservoirs. 

An often overlooked but important factor which physically 
induces light limitation is the relationship between the 
euphotic zone (sufficient light for photosynthesis) and the 
zone of wind-driven turbulent mixing known as the epilimnion. 
The deeper the mix zone (epilimnion) relative to the euphotic 
zone, the less time the algae spend in the light, the lower 
the average amount of light available to the algae, and thus 
the lower their net rates of photosynthesis and growth 
(Figure 10)[11]. The algae are physically displaced into 
the dark portion of the epilimnion. 

In reservoirs with deep outlets, the thermocline 
tends to migrate downward as the cooler hypolimnion water is 
withdrawn. This deepened thermocline should be considered, 
as it may induce physical light limitation. The magnitude 
of this downward thermocline migration is a function of the 
hypolimnion flushing rate and depth of withdrawal. Deep 
outlets and high flushing rates may also reduce phosphorus 
retention. 

A summary of these variables which influence a reservoir's 
primary productivity is illustrated in Figures 10 and 11. 
It is estimated that on a world wide basis variables related 
to solar energy input have the greatest influence on primary 
productivity [12]. 

The depth of the outlet and the vertical placement of 
the inflow based on its density (primarily a function of 
temperature) may have a major influence on the availability 
and retention of phosphorus in a reservoir. Not only must 
the algae remain in the lighted portion of the water column, 
but the inflowing nutrient supply must also be physically 
and chemically available in the euphotic zone as well. 

In addition to physical and chemical restrictions 
to primary productivity, limitations may also be the result 
of biological actions between groups of algae. Generally, a 
succession of phytoplankton species occurs throughout the 
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year. This sequence of algae succession may trend from 
desirable species to those which are potentially harmful, 
such as certain species of blue-green. 

Blue-green algae have several distinct characteristics, 
such as buoyancy and nitrogen fixation, which give them the 
capability to outcompete more desirable species [13]. 
Certain species of blue-green algae have the following 
harmful effect: (1) undesirable as food to grazing zooplankton 
species; (2) cause reduced light penetration and aesthetics; 
(3) reduced dissolved oxygen which may mobilize iron and 
manganese thereby causing additional potable water use 
problems; (4) the production of organic toxins at death 
which affect both aquatic and terrestrial life; (5) taste 
and odor problems in municipal water diversions; (6) production 
of complex organic compounds which may contribute to the 
formation of trihalomethanes after chorination; and (7) in 
excesses they may increase domestic water treatment costs. 

The following section is a review of the phosphorus 
dynamics in the example four-reservoir sequence. 

Phosphorus Dynamics 

The reservoirs in the Upper Colorado River Basin, 
which contain natural phosphate deposits in their drainages, 
are generally eutrophic even though much of the phosphorus 
is sediment bound and usually biologically unavailable. 
This could account for the high phosphorus retention rates 
observed in the reservoirs. Based on the EPA National 
Eutrophication Surveys [14,15] and U.S. Geological Survey 
Water Resources data for Water Year 1975 [16], it has been 
estimated that the four Colorado River Basin Reservoirs can 
retain 70 to 96 percent of their inflowing phosphorus 
loads. 

Fontenelle Reservoir has natural phosphate deposits in 
its drainage basin and was calculated to retain approximately 
87 percent of the inflowing total phosphorus for Water Year 
1975. Reservoirs with bottom releases and high flushing 
rates tend to retain less phosphorus. Fontenelle's high 
phosphorus retention rate is apparently due to the mineralized 
form of the phosphorus which is bound to the sediment and 
remains predominantly biologically unavailable. 

Much of the May/June phosphorus budget is associated 
with the sediment laden spring runoff and is physically and 
chemically unavailable in the hypolimnion of Fontenelle 
Reservoir. Subsequent chemical reductions, organic decomposi-
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tions, in-reservoir movement, and release of phosphorus from 
Fontenelle in July through September may contribute to the 
substantial blue-green algae blooms downstream in the Green 
River Arm of Flaming Gorge Reservoir. 

Flaming Gorge Reservoir is over 90 miles long and 
has a low surface area to volume ratio. It is a very 
efficient phosphorus trap and was calculated to have retained 
84 percent of the calculated phosphorus load for Water 
Year 1975. This estimate may be conservative since the 
single outflow from the dam is probably a better estimate of 
phosphorus releases than can be made from the multiple 
inflows. The phosphorus measured at the point sources and 
from Fontenelle Reservoir exceeded the measured loads in the 
Green River Arm above Flaming Gorge Reservoir. Flaming Gorge 
can be classified as eutrophic in both the Green River and 
Black's Fork inflow areas, mesotrophic through the middle 
section, and oligotrophic in the downstream canyon portion 
[17 ]. 

Blue-green Algae Relationships 

Blue-green algae population levels represent a seasonally 
significant impact on the Colorado River Basin reservoirs. 
The occurrence of excessive blooms of blue-green algae in 
the headwater reservoirs appears to be related to phosphorus 
dynamics, reservoir dynamics, and other water quality interac
tions. Blue-green algae exist throughout the basin and the 
effect of the blue-green algae in the basin reservoirs 
varies seasonally and annually. 

In September 1981, Fontenelle Reservoir experienced 
fall overturn and mixed the entire water column. The 
blue-green algae were dispersed throughout the water column 
with primary productivity being physically limited by light 
availability. The extent of blue-green population expansion 
is limited by the elevation, temperature levels, and light 
intensity. 

Blue-green algae blooms are a substantial problem 
in both the Green River and Black's Fork arm of Flaming 
Gorge Reservoir. Depending on the magnitude of the blue-green 
blooms and the climatic conditions of the fall, the cold 
water fishery may not be continuously maintained in this 
area. Primarily, this is due to the low dissolved oxygen and 
high water temperatures. The determining or limiting 
factor to the blue-green algae blooms in the inflow area of 
Flaming Gorge Reservoir may be phosphorus controlled, but it 
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is more likely a combination of the length of summer stagnation 
period, the fall meteorological conditions and the phosphorus 
supply. In addition, the blue-green algae can often outcompete 
many of the green algae and diatom species based on their 
ability to fix nitrogen and control their position in the 
water column. 

A cool wet spring and/or a cool wet fall can greatly 
reduce the length of summer stagnation due to a reduction in 
the period that the reservoir is stratified. 

The location and stability of the fall thermocline 
appear to be key factors in determining the timing and 
strength of the blue-green algae bloom and the amount of 
reservoir which it affects. 

A more thorough investigation of the variables controlling 
primary productivity in the inflow of Flaming Gorge Reservoir 
is necessary to determine if phosphate can be reduced 
sufficiently in the fall to become a limiting factor. 

With the shift in reservoir releases from a deep 
hypolimnion release to a multiple level withdrawal scheme, 
the availability and concentration of available phosphorus 
may have been increased. Wright [18] has hypothesized that 
deep discharge reservoirs may progressively decline in 
fertility due to withdrawal of nutrient rich hypolimnion 
water. Conversely, shallow discharge reservoirs may experience 
an increase in fertiility. This hypothesis and its application 
to the Colorado River system have been supported by Paulsen 
[ 19] . 

Flaming Gorge Reservoir is also above 6000 ft. in 
elevation and the fall climate can vary considerably. The 
reservoir begins to turn over in the inflow areas in early 
September. There appears to be a relationship between this 
turnover and the extent of blue-green algae blooms in the 
fall. Considerable work needs to be done on high elevation 
reservoirs (such as Fontenelle and Flaming Gorge) to 
determine the relationship between the fall blue-green algae 
blooms and available phosphorus supply in the inflow area as 
a function of the internal phosphorus recycling and 
meteorological variations. 

Lake Powell is the next major downstream reservoir 
on the Colorado River system. We have estimated that for 
Water Year 1975, Lake Powell retained approximately 
97 percent of the total phosphorus that flowed into it. The 
reason for this high retention can be directly related to 
the morphometry of the reservoir basin. 
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Lake Powell is 170 miles long and is at an elevation of 
3650 ft. It was developed within incised sandstone canyons 
and consequently it is very deep and narrow. This type of 
morphology and geology is not conducive to high physical or 
chemical availability of phosphorus, particularly in the 
horizontal movement down reservoir. The natural phosphorus 
loads that would have passed Lake Powell have also been 
reduced by upstream storage in tributary reservoirs, including 
Fontenelle and Flaming Gorge. However, many unregulated 
tributaries contribute additional nutrients to the Colorado 
River above Lake Powell. The high turbidity of the inflow 
and the short sun day due to the shading effect in the 
bottom of Cataract Canyon appear to have an influence on 
primary productivity in the upper end of Lake Powell. No 
significant blue-green algae blooms have been documented 
that could impact aquatic or terrestrial life. 

Lake Mead, the lowest reservoir in our analysis, 
has shown significant shifts in its trophic status due to 
changes in phosphorus availability since 1970. An analysis 
of the 1975 Water Year data indicates a 69 percent phosphorus 
retention rate. This lower phosphorus retention rate has 
been hypothesized to have resulted from several factors, 
including upstream storage and reduced phosphorus availability 
due to physical changes in the inflow (primarily temperature) 
and the deep hypolimnion outlet [7]. The aquatic ecology 
and nutrient chemistry of Lake Powell and Lake Mead will be 
further discussed in other symposium papers. 

CONCLUSIONS 

1. Hydrologically, the reservoir pools and operation 
did not stabilize until about 1975. Lake Powell 
completed initial filling in 1980 and the operation 
of Flaming Gorge Reservoir was changed by the addition 
of a selective epilimnion withdrawal in 1978. The 
major chemical and biological adjustments due to 
reservoir effects are progressing towards an equilibrium. 
A dynamic equilibrium responsive to hydrologic and 
climatic conditions is anticipated. 

2. The reservoirs have caused major changes in salinity 
and phosphorus routing in the Colorado River System. 

3. The observed salinity trends at Imperial Dam during 
the 1970 to 1980 period may not be totally understood 
without an additional period of record. 

38 



4. Ongoing studies would provide the needed information 
to improve predictive capabilities, particularly 
regarding future salinity and nutrient conditions in 
the Colorado River System. 

5. As water and energy resources are developed in the 
Upper Colorado River Basin, and the reservoirs become a 
more important source of water supply. 

6. The relationship between blue-green algae population 
levels, reservoir limnology, and phosphorus dynamics 
must be defined. 

7. Phosphorus retention in the reservoirs above Lake 
Mead has caused a significant reduction in its nutrient 
inflow. 
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CHAPTER 4 
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Fort Collins, Colorado 

INTRODUCTION 

The ways by which dams and diversions impact ecological 
processes in rivers have received increasing scientific inquiry 
in recent years [1]. However, almost all knowledge of effects 
of hydrologic regulation on riverine physicochemistry is based 
on measurements made at one or a few locations immediately 
downstream from the point of regulation. While it is obvious 
that dams alter downstream physicochemical regima profoundly, 
such impacts have not usually been placed in the context of an 
entire river system (see [2] for a notable exception). 

As a part of a holistic approach to assess the ecology of 
stream regulation in the Gunnison River, Colorado, we report 
herein the physicochemical impacts of four mainstream dams on 
the river system from headwaters to mouth. The changes mani
fested by this intense regulation greatly influenced patterns 
and processes within the biotic communities extant in the 
various river segments [3]. Results reported here are limited 
to a physicochemical description of this major tributary of 
the Colorado River before and after regulation. 

STUDY AREA 

The Gunnison River flows westerly from the Continental 
Divide in central Colorado to its confluence with the Colorado 
River near Grand Junction, Colorado. The 20,533 km2 drainage 
basin may be divided into two parts, based on basin geology. 
The upstream portion, above the confluence of the Cimarron 
River (Figure 1), lies primarily in mountainous terrain and 
drains granitic soils and relatively insoluble crystalline 
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Figure 1. Location of the mainstream dams and eleven sampling 
sites on the Gunnison River, Colorado. 

bedrock. Downstream from the Cimarron, the river drains a 
variety of mineral-rich sedimentary formations (especially 
gypsum shales), which characterize the semi-arid, high plateau 
of western Colorado. 

The average monthly extremes in discharge of the Gunnison 
River at Grand Junction in the last 25 years have varied 
between a low of <1 m3 /sec to a high of >230 m3 /sec. However, 
the annual hydrograph is intensely regulated by hydropower and 
irrigation demands. Four mainstream reservoirs, Taylor Park, 
Blue Mesa, Morrow Point and Crystal (Figure 1), are impounded 
behind high dams and severely influence riverine hydrology. 
All four dams are deep-release (i.e., hypolimnial drain) 
systems. Taylor Park is an irrigation storage reservoir built 
in 1936, while the other three comprise the Aspinal Unit of 
the Colorado River Storage Project. Blue Mesa Dam was 
finished in 1965; Morrow Point Dam was closed in 1969. 
Crystal Reservoir began operation in 1975 as are-regulation 
dam to dampen the extreme flow fluctuations below Morrow Point 
Reservoir. Considerable irrigation return flow occurs in the 
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downstream river segment, especially via the lower Uncompahgre 
River and adjacent areas. 

Few data are available concerning the limnology of these 
mainstream reservoirs. They are impounded within deep, granite 
walled canyons at ca. 2200 m elevation, where winter 
temperatures prevail from October - April. Consequently, these 
impoundments have a low heat budget. All, except Crystal, 
apparently stratify seasonally; surface temperatures may exceed 
20°C for short periods during summer, but the majority of the 
stored water volume remains below 8°C year around (see Methods). 

METHODS 

We established eleven sampling sites along the Gunnison 
River from a headwater location above Taylor Park Reservoir to 
a point just upstream from the confluence with the Colorado 
River (Figure 1). Sampling was conducted on eleven occasions 
during the period September 1979 to October 1980. 

Water samples for analyses of ion concentrations were 
collected in high-density polyethylene bottles, while grab 
samples for analyses of carbon fractions were collected in 
acid-washed teflon or glass bottles. All samples were stored 
on ice and air-freighted to the University of Montana 
Biological Station for analysis in the Freshwater Research 
Laboratory. Conductivity (YSI meter) and pH (Corning meter) 
measurements and alkalinity titrations ~s CaC0 3) were made in 
the field. We installed Ryan© thermographs at two locations 
to augment records provided by Colorado Division of Wildlife. 

Ions (Ca++, Mg++, K+, Na+, NO~ and S04) were quantified 
by raw water injection into a model 16 Dione~ Ion Chroma
tograph with output integrated and digitized on a Hew1itt
Packard Model 3388 terminal. 

Organic carbon present in water samples was separated into 
two fractions, particulate organic carbon (POC) and dissolved 
organic carbon (DOC), with glass-fiber filters (Ge1man© 0.2 ~m 
pore size). Organic carbon in filtrates was considered to be 
in the DOC fraction. POC and DOC were converted to CO 2 by hot 
persu1fate digestion in sealed ampules and concentrations sub
sequently determined by quantification of the liberated CO 2 
using an Oceanography Internationa1© infrared detector. 

Every fifth analysis (ions or carbon) was replicated 
(i.e., multiple determinations, usually three, of the same 
parameter on the same sample) and samples were duplicated 
(i.e., two samples from the same location and time) to permit 
calculation of analytical precision and natural variation 
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within sample locations. Reagent spikes were utilized (again 
every fifth analysis) to check accuracy of analytical tech
nique. Standard deviations of replicates and duplicates were 
consistently less than one percent of the mean (i.e., high 
precision) and 90-110 percent of the sample spikes were 
recovered in analyses leading to the data reported herein. 

Some chemical data were available in the STORET file of 
the U.S. Environmental Protection Agency for comparison to 
those generated during the present study. Discharge data 
were provided by the U. S. Geological Survey for various river 
sites and the U. S. Bureau of Reclamation for the dam sites. 
Available time-series flow data enabled us to compare dis
charge regima during the study period, with pre- and post
impoundment regimes (i.e., 1900-64 and 1965-present) on the 
mainstream river. Time-series temperature data were derived 
from unpublished literature, such as theses and various agency 
reports. Thermograph records for Sites 8 and 9 were provided 
by the Colorado Division of Wildlife, while data for Site 11 
were provided by the U. S. Bureau of Reclamation. 
Relationships between discharge and thermal regima were esta
blished with the use of polynomial regression analyses and 
simple plots of annual degree days (a sum of mean daily tem
peratures over an annual period, [4]) along the river profile. 

RESULTS AND DISCUSSION 

The pre-regulation discharge regime of the Gunnison River 
varied from minimum flows during autumn and winter to spring 
maxima as a result of melting snowpack in the headwaters 
(Figure 2). The post-regulation flow has been considerably 
higher in winter and lower during spring (Figure 2), as runoff 
is stored in the reservoirs and discharged primarily from 
November to March. Greater than 90 percent of the average 
annual discharge is derived from precipitation in the head
waters; downstream side flows (i.e., below the North Fork 
River) in the lowland sedimentary formations contribute sig
nificant amounts of water only during short spates in spring 
and after heavy summer thunderstorms. 

Historically, the upstream segment carried substantial 
sediment and bed loads during spring runoff which were 
deposited in the lower gradient downstream segment. Thus, for 
much of the year, the upstream segment flowed low and clear 
over a cobble and boulder bottom that was annually scoured 
and re-distributed by the spring freshet. The downstream 
segment was also fairly clear at base flow, but the bottom was 
predominantly silt. Occasional rubble riffles occurred in 
areas where side flows carried large materials into the river 
channel (Dolan et ale [5] describe this process of riffle or 
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Figure. 2. Dischar8e me.? sur.ed at Site 7, the U. S . G. S. gaug-ing 
station below Crystal Dam, before regulation 
(broken line: monthly means 1948-1964) and after 
construction of mainstream dams (solid line: 
monthly means 1965-1980). Points A and B identify 
maximum and minimum pre-regulation discharge 
(monthly means 1934 and 1957); points C and D rep
resent the maximum (1974) and minimum (1977) 
monthly flows since regulation (based on U. S. 
Geological Survey data). 

rapids building by side flows on the mainstream Colorado River). 
Since regulation, silt loads accompanying runoff have been 
retained in the reservoirs. Thus, discharge below the dams is 
continually without significant amounts of suspended solids; 
the river from Taylor Park Reservoir to the East River and 
from Crystal Dam to the Colorado River is being continually 
sluiced by clear-water discharges that are of a higher mean 
volume July to March than prior to impoundment. The result is 
considerable armoring of the river bottom, the substrata being 
composed of firmly imbedded large rocks [6]. This situation 
presently characterizes the Taylor River and Black Canyon 
segments downstream from the dams to the East River and North 
Fork River, respectively. Although considerable sediment is 
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contributed to the mainstream river in its lower segment as a 
result of irrigation return flow via the North Fork River, 
Uncompahgre River and smaller tributaries, the once silty 
bottom has now been sluiced to the extent that cobbles and 
larger rubble predominate in the thalweg from the Black Canyon 
reach downstream to the Colorado River confluence . In several 
locations (e . g . , Dominguez Canyon), rapids are growing in 
length and wave height due to the inability of the regulated 
flow to move large boulders deposited in the mainstream 
channel by side flow spates . 

Daily and annual temperature patterns in the river have 
also been strongly influenced by regulation . The tailwater 
segments immediately below the darns are several degrees 
warmer in winter and 7-20°C colder in summer than before 
regulation (Figure 3; Table I), because water is discharged 
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Figure 3. Pre- (1965-66, 1966-67 [from 7]) and post-regulation 

(1979-80) temperature patterns measured at Site 7, 
three km downstream from Crystal Darn . 

48 



Table 1. Comparison of temperature patterns along the 
Gunnison River continuum before and after con-
struction of the mainstream dams (modified from 

Before Regulation After ReSUlatiOll 
Station KIll fr_ 

No . Headwaters Annual Degree Day. '1l' i1y8 Annual Degree Day. Oallya 
(Annual Theraal boge) I>l (Annual Theraal boge) I>T 

18 1950 1950 
(0-15.0) (0-15.0) 

2· 24 2000 +0.1 1000 -2.6 
(0-15.0) (2.5-7.2) 

54 2250 +0.7 2150 +3.2 
(0-16.5) (0-15.5) 

81 2550 +0.8 2250 +1.1 
(0-18.8) (0-18.8) 

5- 115 2650 +0.3 2323 -0.6 
(0-19.0) (3.3-11.1) 

6- 130 

7- 144 2895 +0.7 1361 -3.8 
(0-20.0) (0-9.4) 

8 195 

228 3606 +2.0 3694 +6.5 
(0-24.0) (2.8-21.7) 

10 271 

11 290 4132 +1.5 3432 -0.7 
(0-26.6) (0-23.3) 

acalculated mean (la1ly thet'1Ul gain or 10 .. from up.tre_ site (aee text). 
-tallwater area. 

[3]). 

from near the bottom of the reservoirs. Prior to regulation, 
the annual mean temperature of the river progressively 
increased downstream (Table I). The daily thermal gain 
(averaged over 12 months) between the headwater site and the 
Colorado River was about 6°C. In the Black Canyon National 
Monument the granite walls and shading greatly influenced the 
daily thermal regime. Kinnear [7J observed that vernal tem
peratures in the Black Canyon were actually warmer during the 
night, than during daytime (Figure 3), due to differential 
heating and cooling of the canyon walls. Since regulation, 
this daily cycle has been eliminated by the high-volume, cold 
discharge from Crystal Reservoir. The post-regulation river 
thermal regime is summarized in Table I. The major con
clusion from these data is that the Taylor River and lower 
mainstream segments are much colder than before regulation 
and the thermal gain in Black Canyon is more dramatic (simply 
because the water is so cold at the head of the canyon during 
the warmest time of the year). Rhithron conditions [8J now 
ex t end well into the lower river segment. 

The negative thermal gain of -O~7°C observed between 
Si tes 9 and 11 remains largely inexplicable and may be an 
arti f act of limited time-series data (the post-regulation 
thermal regima at this site were based only on data for one 
year, 1978), or a response to groundwater input. Several 
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warm springbrooks (e.g., Tongue and Buttermilk Creeks) flow 
into the river between Sites 8 and 9. The lower Uncompahgre 
River is also apparently fed by considerable flow from surface 
aquifers. These side flows may warm the Gunnison River 
slightly; a subsequent thermal loss could then eventuate in 
downstream areas not influenced by groundwaters. Thus, the 
thermal gain estimate at Site 9 could be slightly high. 

A strong correlation (r = .87) between the flow rate from 
Crystal Dam and river temperatures below the Black Canyon 
(Sites 8 and 9) was observed. At minimum flows (ca. 16 m3 /sec), 
which occurred only during spring and summer during the period 
for which thermograph records exist (1978-81), thermal gain in 
the canyon was 10-12°C; whereas, high flows (ca. 30 m3 /sec and 
greater) limited thermal gain to 2-3°C. Thus, a very pre
dictable relationship exists between discharge temperature, 
discharge volume and temperature of the river at any point 
downstream, given some knowledge of seasonal trends in air 
temperature. However, heat storage in the granite walls of 
the Black Canyon undoubtedly limits variance in this 
relationship; river channels in more open, low-gradient terrain 
probably exhibit greater diurnal fluctuations. 

The observed significant difference between pre- and post
impoundment temperature minima at Site 9 (0° vs. 2.8°, Table I) 
may be related to the flow-thermal gain relationship within the 
Black Canyon. Even though the midwinter thermal gain is 
generally low, high volume discharge limits heat loss. The 
canyon walls apparently absorb enough heat to ameliorate heat 
loss. Prior to regulation, low flows coincided with cold, 
midwinter air temperatures. Thus, the river froze over for 
periods of a few days to several weeks until air temperatures 
moderated to the extent that a thermal gain occurred relative 
to flow rate. 

Concentrations of major ions in solation were highest at 
the downstream sites, indicating substantial salt loading in 
the lower river segment. Ion concentration was inversely 
related to seasonal trends in flow at the least regulated 
sites during 1979-80 (Figure 4). Dissolved solids in tail
water segments were consistently lower than at upstream sites 
and concentrations were much less variable (i.e., influenced 
by flow volume) over all sampling dates (Figures 5 and 6). 
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Figure 4. Concentration of the major ions (i.e., sum of Ca++, 
Mg++, Na+ and S04 concentrations) in water samples 
taken in time-series during 1979-80 at four 
locations along the Gunnison River profile. Flow 
rates (monthly means) are plotted only for Site 11 
located near the confluence with the Colorado River. 

Calcium was the dominant ion by percentage composition in 
the upper river (above the Black Canyon), while sulfate loading 
from side flows draining gypsum formations characterized the 
lower river segment (Figure 5). Sulfate-containing salts were 
observed in high concentrations (e.g., > 3000 mg/l) in the 
side flows (especially springbrooks and irrigation return 
f lows) between Sites 7 and 9. The propensity of the reservoirs 
to sediment or precipitate dissolved solids was evinced in our 
data, but this loss was countered by loading rates nearly two 
orders of magnitude greater in the lower river segment (Figure 
5). 

Nitrate concentrations also increased in a downstream 
direction over the river continuum, but values were consistently 
elevated in tailwaters in comparison to sites above the reser
voirs (Figure 6). The mobilization of nitrate is attributed to 
mineralization of organic matter (i.e., nitrification) and 
perhaps nitrogen fixation within the water column of the" 
reservoirs. Nitrates were apparently utilized by autotrophic 
processes in riverine segments downstream from the dams 
(Figure 6). This was particularly evident in the Black Canyon, 
which is the segment least influenced by side flows. Benthic 
algae, particularly Cladopho~a spp., grow in profusion in all 
tailwater segments and are a dominant feature of the river 
bottom from Crystal Dam to Site 8. Tributary effects and 
turbid irrigation return flows apparently limited excessive 
growths of filamentous algae below Site 8, even though nutrient 
loading was apparent (Figure 6). However, thick accumulations 
of aufwuchs were present at the Dominguez Canyon Site (10) 
where we measured 3-5 cm accumulations of algae, fine silts, 
clays and organic detritus firmly attached to cobbles in riffle 
areas. 
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Figure 5 . Mean annual sulfate concentrations (mg/l as S) 
measured at 11 sites on the Gunnison River . 
Inverted triangles indicate tailwater sites below 
mainstream dams ; bars indicate ranges of values for 
11 sampling periods during 1979- 80 . Location of 
major side flows are indicated by arrows . 
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Figure 6. Mean annual nitrate concentrations (mg/l as N) 
measured at 11 sites on the Gunnison River. 
Inverted triangles indicate tai1water sites below 
mainstream dams; bars indicate ranges of values 
for 11 sampling periods during 1979-80. Location 
of major side flows are indicated by arrows. 

The mineralization effect of the reservoirs was very 
evident in time-series measurements of particulate and dissolved 
organic carbon. Despite exports of plankton from the reservoirs, 
POC levels below the dams were consistently lower than in river 
segments immediately upstream from the impoundments and vice 
versa for DOC values. The total organic carbon pool in the 
river increased from ca. 1.0 to 10.0 mg/l, on the average from 
headwaters to the mouth (Figure 7). Agglutination processes 
(i.e., demobilization of dissolved solids by conversion to 
particulate carbon forms) were responsible for progressively 
increasing POC values downstream from Taylor Park and Crystal 
Dams. Much of the seston drift in these segments was due to 
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Figure 7. Mean annual dissolved (DOC) and particulate organic 
carbon (POe) concentrations (mg/l as C) measured 
at 11 sites on the Gunnison River. Inverted tri
angles indicate tailwater sites below mainstream 
dams; bars indicate range of values for 11 sampling 
periods during 1979-80. Location of major side 
flows are indicated by arrows. 

sloughed filaments of Cladophoha and other benthic algae. In 
lower river segments, side flows contributed significant 
amounts of allochthonous particulates; however, agglutination 
by autotrophic and micro-heterotrophic activity undoubtedly 
played a major role in size fractions and poe concentrations 
in this river segment, except during the spring freshet. 

Thus, during 1979-80 the dissolved solids and organic 
carbon pool increased dramatically in a downstream direction; 
but, concentrations in the intensely regulated segments were 
greatly influenced by mineralization and precipitation within 
the reservoirs and, by agglutination as materials moved down
stream in riverine segments. Time-series chemical data for 
periods previous to Ollr study were limited to Site 4, upstream 
from Blue Mesa Reservoir. Our data were remarkably similar to 
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these measurements (Table II) indicating that the trends 
reported here have been the norm since the Gunnison River was 
regulated. Dissolved and particulate solids loading undoubtedly 
occurred prior to regulation, but concentrations exported to the 
Colorado River were likely much lower and more erratic before 
irrigation return-flows were a significant feature of the lower 
river. 

Table II. Comparison of data in the U. S. Environmental 
Protection Agency's STORET file to those obtained 
in the present study. Both data sets were generated 
from samples collected in time-series at the same 
location on the Gunnison River 5 km west of 
Gunnison, Colorado. 

STORET File This Study 
1968-1980 1979-1980 

Mean 
N 

Mean 
N (Range) (Range) 

Magnesium 8.7 68 7.8 11 
(4.0-18.0) (5.0-12.9) 

Sodium 5.4 63 4.0 11 
(1.0-15.0) (2.3-7.4) 

Sulfate 19.0 69 15.6 11 
(3.0-31.0) (10.8-22.3) 

Nitrate 0.19 59 0.19 11 
(*-1.60) (0.04-0.50) 

*less than detection limit. 

CONCLUSIONS 

Hypolimnial-release impoundments on the Gunnison River 
have altered the physicochemistry of the riverine environment, 
mainly by reducing seasonal variability. Summer-cold, winter
warm conditions prevail in the river downstream from the dams. 
Dissolved solids (except NO) and particulate organic matter 
(POM) are reduced in concentration within reservoir tailwaters 
in comparison to concentrations in river segments above the 
reservoirs. Mobilization of NO~ and other nutrients in 
reservoir effluents has stimulated thick growths of periphyton 
thalweg substrata, which has stabilized (armored) in response 
to elimination of spring flood flows. Inherent biophysical 
processes (e.g., communition and agglutination of POM; thermal 
gain via insolation) and side flows ameliorate or reset the 
consequences of regulation, as distance downstream from 
impoundments increases. Although the dissolved solids pool 
increases down the river profile, conditions 30-40 km down
stream from the last dam (i.e., at Site 8) mimic the rhithron 
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environment 115 km upstream (i.e., at Site 4). Physicochemistry 
of the Gunnison River near its confluence with the Colorado 
River is similar to pre-regulation, except that annual variance 
in discharge has decreased and dissolved solids increased. 
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CHAPTER 5 

THE INFLUENCE OF LAKE POWELL ON THE 
SUSPENDED SEDIMENT- PHOSPHORUS DYNAMICS 

OF THE COLORADO RIVER INFLOW TO LAKE MEAD 

Lake Mead Limnological Research Center 
University of Nevada , Las Vegas 

INTRODUCTION 

The Colorado River has been successively modified by 
the construction of several reservoirs , beginning in 1935 
with the formation of Lake Mead by Hoover Dam . These reser
voirs are located in a chain , and each one has an influence 
on the nutrient dynamics and productivity of the river and 
downstream reservoir [1 J . Lake Mead derives 98% of its annu
al inflow from the Colorado River [ 2J . Historically , the 
Colorado River inflow was unregulated into Lake Mead . Regu
lation occurred in 1963 , when Lake Powell was impounded by 
the construction of Glen Canyon Dam , approximately 450 km 
upstream . The formation of Lake Fowell drastically altered 
the physical characteristics of the Colorado River inflow to 
Lake Mead [ 1 J . Regulated releases from Glen Canyon Dam have 
eliminated the spring discharge peaks that historically re
sulted from spring flooding in the Upper Colorado River 
drainage basin . ~emperatures in the Colorado River below 
Lake Powell have been reduced 5- 10°C durin the spring and 
summer , due to cold hypolimnetic releases from Glen Canyon 
Dam . There were also marked reductions in the suspended 
sediment loads due to decreases in spring and summer dis 
charge peaks . The turbid overflows that once extended across 
the Upper Basin of Lake Mead [3J during spring were not 
evident in 1977- 78 [ 2J . The Upper Basin of Lake Mead is now 
severely phosphorus deficient , and this appears to have been 
caused by reductions in suspended sediment loading [ 1 J . 

Phosphorus has been reported by many investigators as 
t[ he most common nutrient limitin phytoplankton productivity 
4J . Phosphorus loading models are generally based on total 

phosphorus (total - F) , but this fraction may not accurately 
reflect the amount of phosphorus available for biological 
uptake in turbid river systems [5J . Total - P loading models 
greatly overestimate the trophic states in Lake Powell and 
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Lake Mead [2 , 6J . 
Little emphasis has been placed on the interaction be

tween suspended sediments and dissolved inorganic phosphorus 
in rivers [1,8J . The removal of inorganic phosphorus by sus 
pended sediment , however , does arpear to be a sorption rath
er than a precipitation process L9J . Loosely bound phospho 
rus on suspended sediments is more readily available than 
precipitated phosphorus [ 10J . Wang and Brabec [ 11 J, in their 
work on the Illinois River at Peoria Lake , found that dis
solved inorganic phosphorus was actively adsorbed by sus 
pended sediments . Other workers have also observed this pro
cess occurring in oxygenated rivers and lakes [12 , 13J . Mayer 
and Gloss [14J have shown that phosphorus buffering by sus 
pended sediments in the turbid Colorado River is an impor
tant mechanism for sustaining the dissolved inorganic phos
phorus pool in Lake Powell . It appears that this same mecha
nism occurred in Lake Mead when it received turbid inflows 
from the Colorado River . 

The intent of this paper is to discuss the possible ef
fects that the formation of Lake Powell has had on the sus
pended sediment - phosphorus dynamics of the Colorado River 
inflow to Lake Mead . This is based on results from recent 
investigations and on preliminary results of research con
ducted in the late- summer and early- fall of 1981. 

STUDY AREA 

This study focuses on a 1000 km stretch of the Colorado 
River which includes two of the largest reservoirs in the 
Western Hemisphere , Lake Powell and Lake Mead ( Figure 1) . 
Comparative morphometric characteristics for the reservoirs 
are presented in Table I . 

Lake Powell was formed by the construction of Glen Can
yon Dam in 1963 . The reservoir covers a 300 km stretch of 
Glen Canyon , and is morphometrically complex with over 3000 
km of shoreline . The Colorado and San Juan Rivers provide 
96% of the total annual inflow to this reservoir . Approxi 
mately 60% occurs in late-sprin~ and early- summer ( May
July) , as a result of snowmelt L15 J from the Upper Colorado 
River Basin (Figure 2) . Lake Mead is the second of four 
major reservoirs on the main stem Colorado River . I t is a 
large deep- storage reservoir 180 km in leng th , extending 
from the mouth of the Grand Canyon at Pierce Ferry to Hoover 
Dam in Black Canyon (Figure 1) . The dominant hydrologic in
put to this reservoir is from the Colorado River which pro
vides approximately 98% of the total annual inflow . The 
Virgin and Muddy Rivers discharge approximately 1% into the 
Overton Arm of Lake Mead . The remainder is derived from Las 
Vegas Wash , a secondarily- treated sewage and industrial 
effluent stream from metropolitan Las Vegas , which dis -
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charges into Las Vegas Bay ~2J . 

COLORADO RIYER IYSTEM 

Col.,.tlo 
III.,., 

Figure 1 . Map of the Colo r ado River System from Lake Powell 
to Lake Mead . 

Table T. Morphometric Characteristics of Lake Powell and 
Lake Mead . 

Parameter 

Maximum operating level (m) 
Maximum depth (m) 
Mean depth (m) 
Surface area (km 2 ) 

Volume (m 3x 10 9 ) 

Maximum length (km) 
Maximum width (km) 
Shoreline development 
Discharge depth (m) 
Approximate storage ratio (years) 
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Lake Powell 

1128 
171 

51 
653 

33 
300 

25 
26 
70 

2 

Lake Mead 

374 
180 

55 
660 
36 

183 
28 
10 

100 
4 
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Figure 2. Map of the Colorado River Drainage Basin. 
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METHODS 

The primary inflows to Lake Powell and Lake Mead were 
sampled monthly from August through October, 1981. A com
posite sample, consisting of several tows with a 3-liter Van 
Dorn bottle, was collected from the surface at each station. 
River water was analyzed for total-P, total particulate 
phosphorus (part-P), and ortho-phosphorus (ortho-P). Ortho-P 
was determined by methods described in Kellar, Paulson, and 
Paulson [16J on samples that were filtered immediately upon 
collection through 0.45 ~m membrane filters. Some clay-sized 
sediment particles may be as small as 0 .06 ~m in diameter. 
However , turbidity measurements using a spectrophotometer 
showed no difference between 0.45 ~m filtered river water 
and a sediment-free distilled water blank. Total-P was 
determined by persulfate digestion on unfiltered 50 ml sam
ples. Total part-P was determined on suspended sediments 
collected on 0.4 ~m Nucleopore filters. These sediment-fil
ters were dried, weighed to determine sediment concentra
tion, and digested in a 50 ml solution of distilled water 
and ammonium persulfate. Available sediment-p was also 
determined on 0.4 ~m Nucleopore filtered sam~les. The NaOH 
extraction techni~ue described by Sagher [17J, and Williams, 
Shear and Thomas L18J was used to estimate biologically a
vailable sediment-Po NaOH extractable-P gives an approximate 
estimate of the amount of inorganic phosphorus that is bio
logically available through sorption reactions with suspend
ed sediments. This fraction includes non-occluded inorganic 
phosphorus that is loosely bound to iron and aluminum in 
sediments. Much of the work that has been done on suspended 
sediment-P dynamics uses only the total-P fraction in high 
sediment:water ratios. High sediment:water ratios are indic
ative of soils and sediments rather than suspended riverine 
sediments [14J . The estimates of total part-P and available 
sediment-P are based on using natural river water, which has 
a low sediment:water ratio. The sediment:water ratio appears 
to be an important factor influencing sorption reactions by 
suspended riverine sediments. 

DATA SOURCES 

Suspended sediment data for the Grand Canyon gaging 
station were derived from "Quality of Surface Waters for the 
United States," and discharge data were obtained from "Sur
face Water of the United States ," U.S. Geological Survey 
Water-Supply Papers Part 9 . Colora~River Basin (1940-
1970). After 1970, these data were taken from "Water 
Resources Data for Arizona or Nevada" prepared jointly by 
the U. S. Geological Survey and state agencies. 
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RESULTS AND DISCUSSION 

Suspended Sediment Loads 

Suspended sediment loads in the Colorado River at Grand 
Canyon were extremely high prior to the formation of Lake 
Powell (Figure 3). In years of high runoff, up to 140 mil
lion tons per year of suspended sediments flowed into Lake 
Mead . The majority of this occurred during the spring runoff 
periods (Figure 3). Impoundment of Lake Powell in 1963 re
sulted in a 70-80% reduction in suspended sediment loads in 
the Grand Canyon (Figure 3) . The direct drainage area to 
Lake Mead was reduced to a few tributary inputs in Grand 
Canyon (Figure 2). The Little Colorado River, which enters 
the main stem Colorado River 40 km above the Grand Canyon 
gaging station, is now the only appreciable source of sedi
ments to the river [19J . Suspended sediment inputs from the 
Little Colorado River can be quite high when floods occur, 
but annual loading to Lake Mead is still far below that 
which occurred in pre-Lake Powell periods (Figure 3) . 
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~ 
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Figure 3. Historical Annual and Spring Suspended Sediment 
Loads at Grand Canyon Gaging Station . (USGS Data) 
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Effects on Total - P 

Gloss , Mayer , and Kidd [20J demonstrated that total- P 
concentrations were closely associated with suspended clays 
in river water . A similar relationship has been observed by 
other researchers [21 J. Preliminary measurements made on the 
Colorado River above Lake Powell and Lake Mead , and on the 
San Juan River inflow to Lake Powell , also show a close cor
relation between total-P and suspended sediment concentra
tions (Figure 4) . The relationship appears to be linear in 
the range of suspended sediment concentrations that occurred 
in the Colorado River from August to October , 1981 . This re
search is continuing to determine if the relationship also 
holds for other seasons . 
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Figure 4 . Total-P Concentrations as Related to Suspended 
Sediment Concentrations in the Colorado Rive r 
System . 

Phosphorus budgets were recently determined for Lake 
Powell [6J and Lake Mead [22J (Table II) . It is readily 
apparent that Lake Po we ll is serving not only as a sediment 
trap, but also as a phosphorus sink . Gloss et al . [6J re
ported that over 95% of the phosphorus loads entering Lake 
Powell were in the particulate form . They further concluded 
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that the phosphorus retention coefficients determined for 
Lake Powell were among the highest reported to date . This 
probably reflects the strong relationship between ?hosphorus 
and suspended sediments in the Colorado River . The phospho
rus retention coefficients determined for Lake Mead were not 
as high as Lake Powell . This was caused by high inputs of 
ortho- P from the Las Vegas Wash inflow. Las Vegas Wash forms 
a density current in Lake Mead [22J , resulting in a large 
percentage of the phosphorus input being loaded into the 
hypolimnion . Hoover Dam is operated from a hypolimnion dis
charge, which rapidly strips phosphorus from the reservoir 
[23J . The combination of these two processes greatly reduces 
retention of ortho- P and total - P in Lake Mead. However , 
Prentki et al e [24J found that total - P in Lake Mead sedi
ments was high (300-1000 mg/l) . Inorganic - P averaged 86% of 
total-P o Measurements made on various phosphorus fractions 
in the major river inflows to Lake Powell and Lake Mead also 
indicate that the majority of total- P is inorganic - P , bound 
to suspended sediments (Table III). This trend was consis
tent in Lake Mead sediment layers for pre- and post - Lake 
Powell periods . There was , however , a 93 . 5% decrease in the 
phosphorus sedimentation rates in Lake Mead after Lake 
Powell was formed [24J . This agrees well with recent work on 
Lake Powell [6J , where it was estimated that 96 . 3% of the 
total-P was retained in the reservoir . 

Table II . Phosphorus Budgets for Lake Powell and Lake Mead 
from Gloss et al e [6J and Baker and Paulson [22J, 
Expressed as Flow Weighted Estimates in Metric 
Tons Per Year . 

Total Dissolved 
Location Phosphorus Phosphate Phosphorus 

Lake Powell 
Colorado River 
San Juan River 
Other tributaries 
Precipitation 
Glen Canyon Dam 

R 

Lake Mead 
Colorado River 
Las Vegas Wash 
Hoover Dam 

R 

5224 
785 
250 

1 
229 

. 963 

199 
263 
123 

. 734 

56 . 8 
136 . 6 
110. 6 

. 428 

267 
83 
1 5 

1 
100 

. 727 

R Experimentally determined retention coefficient 
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Table III . Concentrations of Total-P, Part-P and Part-P 
Expressed as a Percentage of Total-P for the 
San Juan and Lower Colorado Rivers for August 
and September , 1981, in lJg/l (±95% CL) . 

% of 
River Month Total-P Part-P Total-P 
San Juan Aug 1149 (±53 . 6) 1022 (± 10. 1 ) 89 

Sep 124 (± 3. 8) 100 (±44 . 2) 81 
L. Colorado Aug 239 (±17 . 4) 268 (±15 . 0) 112 

Sep 77 (± 4 . 2) 70 (± 1. 9) 90 

Availability of Phosphorus from Suspended Sediment 

It has been shown [ 14J that the suspended sediments in 
the Colorado River inflow to Lake Powell have the capability 
of desorbing approximately 20-30 lJg/l of dissolved inorgan
ic - P. We are currently investigating the suspended sediment
P dynamics in the Colorado River system above and below Lake 
Powell . Our work is in the preliminary stages , and must be 
considered on that basis . However , our data thus far agree 
with findings of other workers . In general , these data indi
cate that a small percentage (10- 30%) of the total - P is bio
logically available . Lee , Jones , and Rast [ 25J , in their re
view of availability of part- P to phytoplankton , have estab
lished an equation to estimate total available- Po Available
P = SRP + 0. 2 PPT, where SRP = soluble reactive phosphorus , 
and PPT = total part- Po Prentki et al e [24J found that an 
average of 9% of the total sediment - p was available . Our 
estimates for August and September range from 7 . 1- 19. 2% with 
a mean value of 11 . 3% (Table IV) . We also estimated total 
available- P on a volumetric basis by combining sediment 
available- P with ortho- P values . On a volumetric basis total 
available- P represented 7. 3% of total- P , with a range of 
1. 7- 14 . 1%. 

Table IV . Available- P and Total Part- P f or the Upper and 
Lower Color ad o and San Juan Rivers During August 
and September , 1981 , in lJg/l (±95% CL) . 

% of 
River Month Part- P Available- P Part- P 
U. Colorado Aug 294 (±13 . 5) 21 . 0 (± 5. 6) 7. 1 

Sep 2. 4 (± 0. 4) 
San Juan Aug 72 (± 1. 1 ) 6. 9 (± 0. 4) 9. 5 

Sep 1850 (±15 . 2) 355 (±43 . 2) 19. 2 
L. Colorado Aug 240 (±18. 6) 29 (±28. 0) 1 2. 1 

Sep 685 (±99 . 6) 58. 2 (±33 . 4) 8. 5 
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Effects on Productivity 

The formation of Lake Powell in 1963 resulted in marked 
reductions in suspended sediment loading to Lake Mead . 
Total - P was reduced accordingly, and the Upper Basin of Lake 
Mead has since become severely phosphorus deficient ( 1 ] . 
Phytoplankton productivity in the Upper Basin averaged 4612 
mg C/m2 . day during the 1955 - 62 period [ 24J . Productivity de
creased to an average of 503 mg C/m 2 . day after Lake Powell 
was formed in 1963 . Although only a small percentage of the 
total - P in the river inflows is biologically available , the 
historic sediment loads (up to 140 million tons per year) 
were apparently sufficient to sustain the dissolved inorgan
ic phosphorus pool , and higher productivity . 
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T RIB UTE 

T 0 

T ERR Y D I E V A N S 

January 6, 1955 - December 2, 1981 

He r ode a horse~ he dr ove a boat 
He helped us all~ he gave us hope 
He enter ed science~ he did i t well 
He had great goals~ he di d excel 
He helped us laugh~ he made us cry 
He 's i n our hearts~ he ' ll never di e . 

- L. J . Paul son 

Terry D. Evans was killed in a boating accident in Grand 
Canyon, a short time after he presented his paper at the 
symposium from which this book is compiled . Terry and two 
of his associates were attempting to find a suitable site to 
set up a water sampler when a large wave swamped the research 
boat, forcing the occupants to abandon it . The boat driver 
and the research assistant made it to shore . Terry ' s body was 
r ecovered aft e r a long search by park personnel on December 29. 

Terry's thesis r e search consisted of a study of the 
suspended sediment-phosphorus dynamics in the principal 
in f lows to Lake Powell and Lake Mead . He was employed as a 
r e s earch associate in the Lake Mead Limnological Research 
Cent er and supervised the fi eld sampling programs on Lake 
Powell, Lake Mead, Lake Mohave, and Lake Havasu . The prelim
ina ry results of his research were presented at the symposium . 

Te rry was awarded a posthumous Master of Scienc e in 
Bi ology and the David Bruce Dill Award in Environmental 
Biology at his memorial service . 

Terry would have made an outstanding limnologist . He had 
al r eady made a signi f icant sci ntific contribution t o our 

ffo rts to be tter manage the Colorado River r e sources . He 
was a spec ial individual, devot d to his family, friends and 
profession . He will neve r be f orgott en by those of us who 
Continue to work on the Colorado River . 
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David K. Mueller 
Bureau of Reclamation 
Denver, Colorado 

INTRODUCTION 

CHAPTER 6 

MASS BALANCE MODEL ESTIMATION 
OF PHOSPHORUS CONCENTRATION IN 
RESERVOIRS 

The significance of phosphorus in reservoirs and lakes 
stems from its association with the process of eutrophication , 
or fertilizat ion of the water body . When eutrophication 
becomes advanced, severe water quality problems can develop . 
These include blooms of nuisance algae and reduction of dis
solved oxygen concentrat ion. Such conditions impact fish
eries, domestic water supply, and recreational use, both in 
the water body and downstream . Phosphorus, in the form of 
phosphate, is a necessary nutrient and has long been consid 
ered a major limiting factor to algal growth . This theory 
is supported by studies demonstrating that introduction of 
phosphorus tends to stimulate algal growth [1] and that 
control of phosphorus loading has the opposite effect [2]. 

Consequently, the need arose for predictive techniques 
for the evaluation of phosphorus reduction as a means to 
control eutrophication . Since 1969, a variety of models has 
been proposed using the input-output or mass balance approach . 
Though most model verification has been conducted using data 
from natural lakes in Europe and eastern North America , there 
has been a tendency to extrapolate validity to lakes and 
r e s rvoirs throughout the northern temperate zone . The pur
pose of the present work is to test that assumption using the 
extensive data base developed by the U.S. Environmental 
Prote ction Agency ' s NES (National Eutrophication Survey) . 
Spec ifically, several model formulations are compared as to 
th ir accuracy in predicting phosphorus concentrations in 
r e s rvoirs in the western United States . 

This paper has been previously published in the Water 
Resources Bulletin . It is reprinted here with permission 
of the American Water Resources Association . 
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Model and Data Selection 

Several models have been developed from the steady- state 
solution to a phosphorus mass balance equation proposed by 
Vollenweider [3] . Five of these, commonly used in lake 
quality assessment, were chosen for evaluation and comparison . 

As listed in Table I, these are: 

1. The Vollenweider-1975 model [4], which assumes a 
constant settling velocity; 

2 . The Jones-Bachmann model [5], which assumes a 
constant sedimentation coefficient; 

3 . The Dillon-Rigler model [6], which uses phosphorus 
retention calculated from observed data; 

4 . The Dillon-Kirchner model [7], which estimates 
phosphorus retention as a function of hydraulic 
load; 

5 . The Vollenweider-1976 model [8], which estimates 
phosphorus flushing from the inverse of hydraulic 
detention . 

Variables used in these models are defined as follows : 

P phosphorus concentration (mg/L) 
L areal phosphorus loading rate (g /m2/yr) 
z = mean lake depth (m) 
T hydraulic detention time (yr) 
q = areal hydrauli c loading rate , Zi T (m/yr) 
RS = fract~on phosphorus retention 
R empirical estimate of R 

p 

Data were compiled from NES [9]. Selection was based 
on the followin g criteria : 

1. The water body was a manmade reservoir located in 
the western continental United States; 

2 . All data were available for solution of the 
phosphorus loading models listed in Table I; 

3 . The phosphorus retention calculated from inflow 
and outflow data was greater than zero. 

The resultant data set included 68 reservoirs, dis
tributed by state as shown in Figure 1. A statistical 
summary is given in Table II . Using crite ria in Table III, 
5 reservoirs were classified oligotrophic , 16 mesotrophic, 
and 47 eutrophic . This data set then represents wide geo
graphic, hydrologic, morphologic, and trophic ranges . 
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Table I . Forms of Phosphorus Mass Balance Models 

l. Vollenweider-1975 P L 
10 + ziT 

2. Jones-Bachmann P 0.84 L 
z(0.65 + liT) 

'-l 
L.V 

3. Dillon-Rigler P = LT (l-R) 
z 

4. Dillon-Kirchner R = 0.426 exp (-0.271 q ) + 0.574 exp (-0.00949 q ) 
p s s 

p = LT (l-R ) 
z p 

L/q 
5. Vollenweider-1976 P s 

(l + IT) 



Figure 1. Distribution by state of reservoirs included in 
the data set. 

Table II. Data Statistics 

p L z T R 

(mg/L) (g /m2yr) (m) (yr) 

Arithmetic Mean 0.055 7 . 44 16 . 2 1. 37 0 . 51 

Geometric Mean 0.037 1. 82 11.8 0.67 0.39 

Standard Deviation 0.061 25 . 78 12 . 7 2.14 0.30 

Maximum 0.371 183 . 51 59 . 2 15 . 20 0.99 

Minimum 0.007 0.08 0.6 0.003 0 .03 
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Table III . Trophic State Classification Criteria 

Classification 
Comparison Oligotrophic Mesotrophic Eutrophi c 

Total phosphorus (mg/ L) <0.010 0.010-0.020 >0.020 

Chlorophyll ~ (~g /L) <4 4-10 >1 0 

Secchi depth (m) >3.7 2 .0-3.7 <2 .0 

Hypolimnetic D 0 (% sat .) >80 10-80 <1 0 

(after Allum et . al .[ 12]) 



Each model form was fit to the data set using a Gaussian 
nonlinear fitting algorithm available on the level 8 . 0 version 
of the Statistical Package for the Social Sciences [10, 11] . 
Fitted forms and resulting coeff i cient values are listed in 
Table IV . An interesting comparison can be made between the 
fitted versions of the Vollenweider-1976 and the Jones
Bachmann models . The latter is: 

0.882 L 
P = z(1 . 61 + liT) (1) 

Solving to eliminate the coefficient yields: 

P 
L (2) 

z(1.83 + 1 . 13/T) 

which may be approximated : 

L 
P = z(2 + liT) (3) 

The Vollenweider-1976 best fit version is : 

P 
L/q 

s 
(4) 

(1 + 2 . 09T 0 . 832) 

Multiplication by TIT leaves, on rearrangement : 

P L 
(5) 

z(2.09T-0 . 168 + liT) 

for which equation 3 is, again, a reasonable approximation . 
For this reason, equation 3 was named the Combination best 
fit model and was included in the analysis. 

ANALYSIS 

Two criteria were used to judge model accuracy. The 
first of these was the root-mean-square error of logarith
mically transformed estimations, for which the computational 
form is: 

S m 

68 
L 

i = 1 

2 rOg 10(PO)i - lOg10(P e )i] 

76 

1/2 

(6) 



Each model form was fit to the data set using a Gaussian 
nonlinear fitting algorithm available on the level 8.0 version 
of the Statistical Package for the Social Sciences [10, 11]. 
Fitted forms and resulting coefficient values are listed in 
Table IV. An interesting comparison can be made between the 
fitted versions of the Vollenweider-1976 and the Jones
Bachmann models. The latter is: 

0.882 L 
P = z(1.61 + liT) 

Solving to eliminate the coefficient yields: 

P L 
z(1.83 + 1.13/T) 

which may be approximated: 

L 
P = z(2 + liT) 

The Vollenweider-1976 best fit version is: 

P 
L/q 

s 

(1 + 2.09T 0.832) 

Multiplication by TIT leaves, on rearrangement: 

P 
L 

z(2 .09T-0 . 168 + liT) 

(1) 

(2) 

(3) 

(4) 

(5) 

for which equation 3 is, again, a reasonable approximation . 
For this reason, equation 3 was named the Combination best 
fit model and was included in the analysis. 

ANALYSIS 

Two criteria were used to judge model accuracy . The 
first of these was the root-mean-square error of logarith
mically transformed estimations, for which the computational 
form is: 

S m 

68 
L 

i = 1 

2 fOg 10(PO)i - 10g10(Pe )i] 

76 

1/2 

(6) 
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Type 

Vollenweider-1975 

Jones-Bachmann 

Dillon-Kirchner 1/ 

Vollenweider-1976 

Table IV . Best Fit Models 

R 
P 

p 

p 

Form 

L 
a + Z/T 

a L 
z(ffTl/T) 

a exp(Sq ) + (i-a) exp (yq ) 
s s 

LT (l-R ) P = ~ p 

p 
L/qs 

S 
1 + a T 

Coefficients 

a = 16.4 

a 
S 

a 
S 
y 

a 
S 

0.882 
1. 61 

0.290 
-0.556 
-0.00483 

2.09 
0.832 

1/ Due to numerical problems in the computational algorithm only 64 reservoirs 
were included in fitting this equation . 



standard error of estimation for the model 
observed phosphorus concentration (mg/L) 
estimated phosphorus concentration (mg/L) 
model degrees of freedom 

The variable d
f 

was calculated for each model as the dif
ference between sample size and the number of fitted para
meters in the model. 

Confidence intervals for the estimation at the 
meso-eutrophic boundary phosphorus concentration can then be 
calculated from the model error values : 

r±t~/2 (S ~ 
CL = 0 . 020 * 10 l f m 

(7) 

where CL is the upper or lower confidence limit in mg/L . 

The second accuracy criterion was the correlation between 
observed and estimated phosphorus concentrations . This was 
calculated as the Pearson product moment coefficient. A 
comparison of standard errors, 90 percent confidence inter
vals, and correlation coefficients is given in Table V. The 
Dillon- Rigler model is the only one which achieves a tolerable 
fit with the observed data (R = 0 . 86). Graphical results of 
estimated vs . observed phosphorus concentration for the 
Dillon-Rigler and Combination models are shown in Figures 2 
and 3 . 

Using the two judgment criteria, the models were grouped 
by relative accuracy as shown in Table VI . Significance of 
differences between groups was then tested by comparing mean 
standard errors and correlation coefficients . Squared error 
values were compared with an F test of variance. Correlation 
coefficients were tested using the Fisher transformation 
method, as described by Bryant [13, p . 140] . Test statistic 
values and significance levels are given in Table VII . These 
results leave little doubt that the Dillon- Rigler model is 
indeed more accurate than any other . The differences among 
the remaining groups are also significant, though to a lesser 
degree between groups 3 and 4 and between groups 4 and 5 . 

RESULTS 

The Dillon-Rigler and Combination models were used to 
develop standard Dillon graphs (Figures 4 and 5) of computed 
areal phosphorus load vs . reservoir depth . These graphs 
show the effect of model uncertainty on the prediction of 
trophic state . The dashed line indicating a phosphorus 

78 



---.J 
\0 

Table V. Mode l Sta tistic s for 68 Rese rvoir s 

Original Formulations: 
Volle nwe ider-1975 
Jone s-Bachmann 
Dillon-Rigl e r 
Dillon-Kirchne r 
Volle nwe ide r - 1976 

Best Fit Formula tions : 
Vollenweide r-1975 
Jone s-Bac hma nn 
Dillon-Kirchne r 
Vollenwe ide r-1976 
Combina tion 

Sta nda rd )j 
e rror 

0 . 417 
0 . 367 
0. 200 
0.387 
0.387 

0 . 407 
0 . 327 
0 . 371 
0 . 324 
0 . 325 

-----------------

l / Ba s e d on 10g 10 tra ns fo rme d va lues . 
1/ For Pe = 0 . 020 mg/L . 

Correla tion l / 
coe ffi c i e nt 

0 . 52 
0 . 65 
0.86 
0 . 56 
0.64 

0 . 48 
0 . 67 
0 . 60 
0 . 68 
0 . 68 

90% Confidence l / 
int e rva l 

0 . 004-0 . 09 7 
0 . 005 - 0 . 080 
0 . 009-0.043 
0 . 005-0.086 
0 . 005-0.087 

0 . 004-0 . 097 
0 . 006-0 . 069 
0 . 005-0.081 
0.006-0 . 068 
0 . 006- 0 . 068 



DILLON- RIGLER MODEL 
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Figure 2 . Comparison of observed phosphorus concentrations 
and Dillon-Rigler estimations showing the 
90 percent confidence interval. 
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COMBINATION MODEL 
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Figure 3 . Comparison of observed phosphorus concentrations 
and Combination model estimations showing the 
90 percent confidence interval . 
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Table VI . Models Grouped by Relative Accuracy 

Group Meon Mean 

number Models standard correlation 
error coefficient 

1 Dillon- Rigler 0 . 200 0 . 862 

2 Vollenweider- 1976 (b . f. ) 
Combination 0 . 325 0 . 677 
Jones-Bachmann (b. f. ) 

3 Jones- Bachmann (orig . ) 0 . 377 0 . 643 
Vollenweider- 1976 (orig. ) 

4 Dillon-Kirchner (b . f. ) 0.379 0 . 581 
Dillon- Kirchner (orig . ) 

5 Vollenweider- 1975 (b . f. ) 0 . 412 0 . 501 
Vollenweider- 1975 (orig . ) 

b . f. best fit formulation ; orig . original formulation 

Table VII. Statistics of Grouped Model Comparison 

Correlation Coefficient Standard Error 
Comparison Test Test Signi -

statistic Significance statistic ficance 

1 vs . 2 2 . 76 <0 . 01 2 . 64 <0 . 01 

2 vs . 3 0 . 35 0.36 1. 35 0 . 11 
2 vs . 4 0 . 92 0 . 18 1. 36 0 . 11 
2 vs . 5 1. 57 0 . 06 1. 61 0 . 03 

3 vs . 4 0.58 0.28 1. 01 0 . 48 
3 vs . 5 1. 24 0 . 11 1. 19 0 . 24 

4 vs . 5 0.66 0 . 26 1.18 0 . 24 
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Figure 4 . Dillon graph of Dillon- Rigler model results 
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phosphorus concentration with a 90 percent 
confidence interval . 
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Figure 5 . Dillon graph of Combination model results showing 
the eutrophic- noneutrophic boundary phosphorus 
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concentration of 0.020 mg/L, which is usually considered to 
be a boundary separating eutrophic and noneutrophic classifi
ca tions, is seen here as the center of a range in which clas
sification cannot be made with much confidence . Reservoirs 
which plot outside this range can be classified with less 
than 5 percent chance of error. The Dillon-Rigler model, 
which has the smaller standard error, and, therefore, less 
uncertainty, allows confident classification of L8 out of 
68 reservoirs, compared to only 18 for the Combination model. 

The probability of trophic state classification can 
also be plotted as a function of estimated phosphorus con
centration (Figure 6), in the manner proposed by Reckhow [14]. 
Curves in Figure 6 were developed using the standard variate 
(z) normalized about a critical concentration of 0.020 mg/L: 

1.0 0 

~ 
I 
a... 0.8 Curve 1 : Combination Model 0.2 
0 
a::: Curve 2 : Dillon - Rigler Model ~ 
=> Curve 3 : Vollenweider - 1976 Model applied w 
z 0.6 to lake data 0.4 
0 
Z 

LL 
0 

0.4 0.6 
~ 
~ 

....J 

CD 
<t 0.2 0.8 CD 
0 
a::: 
a... 

0 1.0 
0 0.010 0.020 0.030 0.040 0.050 0.060 0.070 

ESTIMATED PHOSPHORUS (mg/L) 

Figure 6. Probabilities of eutrophy and noneutrophy 
associated with estimated phosphorus concen
tration. Data for Curve 3 from Chapra and 
Reckhow [15]. 
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z 
log10(0.020) - log10(P e ) 

S m 
(8) 

The three curves represent: (1) the Combination model, 
(2) the Dillon- Rigler model, and (3) the Vollenweider-1976 
model applied to 117 North American natural lakes with a 
standard error (S ) of approximately 0.17 [15] . Again, the m 
advantage of a smaller standard error can be seen . As S 
increases, the uncertainty also increases at all values ~f 
estimated phosphorus except the critical concentration . For 
example, a reservoir with a phosphorus concentration of 
0 . 030 mg/L estimated by the Dillon-Rigler model (S = 0.200), 
has an 81 percent probability of being accurately ~lassified 
eutrophic (having a phosphorus concentration greater than the 
critical value) . This probability is reduced to 71 percent 
for the same estimate made by the Combination model 
(S = 0 . 325). 

m 

DISCUSSION AND CONCLUSIONS 

Phosphorus mass balance models applied to western reser
voirs have been shown to produce relatively large standard 
errors and low correlations between observed and estimated 
concentrations . The best results are obtained using the 
Dillon-Rigler model, the only one studied which has no empir
ical parameters . This indicates that parameters calibrated 
from lake data are not applicable to reservoirs. In the case 
of the Dillon-Kirchner and Vollenweider-1975 models, fitting 
parameters to reservoir data produced little or no signifi
cant improvement, indicating problems may also exist in model 
formulation . 

Even with their deficiencies, mass balance models can be 
valuable tools in reservoir planning and management when used 
in the context of their statistical uncertainty . The proba
bility of favorable or unfavorable results can be evaluated 
for the operation of existing reservoirs or the design of new 
ones . Results of this study indicate that the Dillon-Rigler 
model is the best choice for application to existing reser
voirs . In the case of planned impoundments, for which phos
phorus retention data would obviously be unavailable, the 
best fit Vollenweider-1976 model can be used with least 
uncertainty . However, the best fit Jones-Bachmann and 
Combination models would provide statistically similar 
results . 
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While it is clear that these methods are not ideally 
suited for application to western reservoirs, they provide a 
basis for judgment of improved techniques . New or modified 
models should be accepted on the basis of their ability to 
reduce the uncertainty inherent in the currently available 
ones . 
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CHAPTER 7 

ANALYSIS OF POTmlTIAL SEDU1ENT TRANSPORT IMPACTS 
BELOW THE WINDY GAP RESERVOIR, COLORADO RIVER 

Timothy J. Ward 
New Mexico State University, 

Las Cruces 
Research Institute of Colorado, 

Ft . Collins 

John Eckhardt 
Northern Colorado Water Conservancy 

District 
Loveland, Colorado 

INTRODUCTION 

Background 

Development of water resources in the upper Colorado 
River Basin is a difficult task due to internal and external 
ucmands of users. A significant use of water is by trans
mountain diversion to the agricultural lands and population 
centers of the Colorado Front Range. In order to meet de
mands of Front Range water users, increased diversions have 
become necessary. These diversions will be met in part by 
construction of a small forebay reservoir and a pumping plant 
capable of up to 16.3 ems withdrawal (at this time) from the 
Colorado River. This reservoir, with normal maximum volume 
of 0.0005 km3 , will be located near Granby, Colorado 
(Figure 1) and is referred to by the name of a nearby geolo
gic feature, Windy Gap. Water pumped from the Windy Gap 
Reservoir will be piped back into Lake Granby and then con
veyed through the Colorado-Big Thompson Project to Eastern 
Colorado. 

Owners of the reservoir and pumping plant, the Northern 
Colorado Water Conservancy District, saw a need to study the 
effects of withdrawing water from the river system. An 
aquatic ecologist, Dr. Robert Erickson, was hired and subse
quently recommended an indepth investigation of the hydrology 
and sediment transport of the river. The investigation 
focused on post-pumping effects of potential aggradation in 
the stream channel below the reservoir and downstream 
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Figure 1 . Sketch map of study area showing key locations and 
sampling sites (one mile equals 1.61 km) . 

for approximately 48 km (Figure 1) . Excessive aggradation 
created by reductions of the sediment transporting capacity 
of the river could create situations where habitat conditions 
of food, protection, and spawning beds would no longer sup
port the current trout population . Excessive aggradation 
would have a significant impact because this segment of the 
Colorado River supports several private and public fishing 
reaches . 

What was required were estimates of potential aggrada
tion (or degradation) for several intermediate river reaches 
using 20 years as a base . Water years (WY) 1958 through 
1977 were selected to determine pre- and post-pumping flow 
conditions . These flow conditions along with collected field 
data were then used to calculate hydraulic and sediment 
transport characteristics at selected sites . A mass balance 
approach for distributing discharges between points was 
employed . For aggradation computations, another mass balance 
between end sections of the selected reach was used . Results 
using this approach indicated that flow conditions were 
sufficient to prevent excessive aggradation at the selected 
sites for the assumed conditions . Details of the study are 
presented by Ward [1] . 

HYDROLOGY AND CHANNEL MORPHOLOGY 

The Colorado River between its headwaters on the Conti
nental Divide and the confluence with the Blue River near 
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Kremmling is controlled by Lake Granby, Grand Lake , and 
Shadow Mountain Reservoir, all above Windy Gap (WG) Reser
voir . Tributaries above WG Reservoir include the Fraser 
River (710 km2) , and Willow Creek (347 km2) which is con
trolled by Willow Creek Reservoir . Contributing area to the 
WG Reservoir is 2023 km2 , of which 837 are controlled by 
Lake Granby . The major controlled tributary is the Fraser 
River which is estimated to produce about 60% of the inflow . 

Between the WG Reservoir and the confluence with the 
Blue River, the river is influenced by two major tributaries, 
15 minor tributaries, and numerous diversions for agricul
tural and domestic needs . The two major tributaries are the 
Williams Fork River (598 km2) which is controlled by the 
Williams Fork R~servoir and Troublesome Creek (440 km2) 
which is not regulated to an~ extent . The minor tributaries 
inc lude approximately 388 km . The major and minor tribu
t aries account for over 90% of the contributing area between 
the reservoir site and the Blue River confluence. However, 
inflows from the minor tributaries are relatively insignifi
cant in comparison to the major one. Over 20 diversions 
have been identified with the largest water right being 
1.8 cms (one cms equals 35.3 cfs) [2] . 

Although complete, long-term records for existing and 
abandoned U. S. Geological Survey (USGS) gaging sites are not 
ava i l able, enough record is available for simulation of daily 
f lows at key locations or tributaries . Because of the long
t e rm records, the Hot Sulphur Springs flows were selected as 
a point of discussion for the entire segment . 

The 20-year base from WY 1958 through WY 1977 represents 
the f low conditions during operation of Lake Granby. Flow 
sta tistic s for this period are shown in Table I for Hot 
Sul phur Springs. Even with the upstream controls there was 
signif icant variation in the flow . 

Table I . Flow Statistics for Hot Sulphur Springs 
Gage, Water Years 1958 through 1977 . 

Arithmetic 
Sta tistic Average Range 

Peak, cms 40 81-9.8 

Minimum daily, cms 1 . 5 2 . 0-1 . 2 

Yield, km3 0 . 20 0.43-0 . 10 
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Although the flow has been quite variable and effects of 
upstream regulation appear in the long-term record, signifi
cant historic changes in river form were not detectable. 
Aerial photographs from 1938, 1950, 1967, and 1974 were 
obtained and analyzed. During the period only two noticeable 
changes occurred, both the Fraser River and Troublesome Creek 
straightened naturally or were straightened near their con
fluences with the mainstem Colorado. 

In general, the river flow during the 20-year period was 
quite variable. Unfortunately, corresponding discharge meas
urements were not taken on all the major or minor tributaries 
during that period, necessitating a mass balance approach for 
distributing river flows from measured and simulated data. 
Even with the variability, physical conditions of the river 
bed were such that few significant changes occurred. 

SEDUfEUT TRANSPORT 

Sediment available for transport in this segment of the 
Colorado River is derived from upstream inflows, tributary 
inflows, or the channel bed and banks. In order to ascertain 
the type and magnitude of sediments in transport and avail
able for transport, an intensive sampling and measurement 
program was conducted during the spring, summer and fall of 
1980. Eight sites were selected for sampling of suspended 
material and bed load. ~1easurements for five different flows 
at each site were collected for a total of 40 site-samples. 
Samples on the rising and falling limbs of the 1980 runoff 
hydrograph were fortuitously chosen (Figure 2). In addition 
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Figure 2. Daily discharges at Hot Sulphur Spring Gage for 

WY 1980 showing days river sampled at various 
si tes. (One cf s equals O. 028 cm~). 
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Figure 3 . System schematic of the study area . Important 
tributaries and locations, minor tributaries (T), 
sampling sites (WG-I) and cross sections (X) are 
shown . Flow is from top of page . Drawn to scale . 
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to these s ites, ten other cross sections were chosen for 
further sampling (Figure 3). These 18 cross sections were 
surveyed and samples of surface armor and subsurface material 
were collected from the active stream bed and the near- bank 
bed . Statistics for the sampled material are presented in 
Table II . 

Table II . Sediment Size Statistics for Cross 
Sections Based on Sieve Analyses . 

Statistic 

Median size , mm 
Gradation [3] 

Surface 
Average Range 

87 
1 . 26 

100- 62 
1 . 44 - 1 . 13 

Subsurface 
Average Range 

26 
4 . 88 

70- 5 
9 . 28- 2 . 71 

As expected the surface layer was much coarser and bet
ter sorted than the subsurface material it protected . There 
was not significant difference between the near- bank and 
active stream samples . Although a weak relationship between 
size and downstream distance could be inferred for the sur
face layer , none was apparent for the subsurface material . 
This supports the previous finding that the channel hasn ' t 
changed its position to any extent thus indicating little, if 
any, disturbance and reworking of the subsurface material . 

The observation of the intact armour layer also explains 
the relatively low transport rates of the 40 samples (Figures 
4 and 5). Suspended material (silts with some clay) is not 
derived from the channel , suggesting upstream or tributary 
inflows as the source . 

Field inspections indicated that the suspended material 
was being derived from overland flow and fine bank materials 
of the tributary watersheds, including the Fraser River . For 
the measured conditions, suspended load was significantly 
less than transport capacity . Similarly, bed load transport 
rates were found to be only 0.1 to 0 . 01 of the potential 
transport rates based on the Meyer- Peter , M~ller tractive 
force formula [3]. Of the bed load transport, an average of 
78 % was less than 2mm in size . Again, it was determined that 
the minor amounts of bed load were derived from upstream 
and lateral inflows . The major lateral inflow of sediment 
is Troublesome Creek . The other tributaries are relatively 
less active and have a minor impact . 

Preliminary transport computations indicated two things . 
First, suspended load transport capacity of post-pumping 
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Figure 4 . Suspended load transport rates at sample sites. 
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Figure 5. Bed Load transport rates at sample sites. Q is 
discharge and Qb is sediment transport (one cfs 
equals 0.028 ems and one ton/day equals 0.91 
tonnes/day). 
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flows would be sufficient to move the anticipated materials. 
Second, further analyses of bed load transport were needed · 

HODELING THE SYSTEH 

IIydrology 

The first task was developin8 a spatial desi gn of the 
system as shown previously in Figure 3 . The spatial design 
is determined by the available sample sites and the important 
inflow points . In addition, minimum flow requirements of 
2.5 , 3.8, and 4.2 cms (or natural flow) for the reaches from 
the reservoir to the Williams Fork, Williams Fork to 
Troublesome Creek, and Troublesome Creek to the Blue River, 
respectively, were imposed, necessitating other locations . 
Inflows for the spatial design points were needed . Partial 
or entire records for the 20-year period were generated for 
major points and inflows . Statistics for measured and 
generated records for the primary inflows are presented in 
Table III . Fortunately, for those inflows where partial or 
complete records were generated, historic records existed 
which were related to other long-term measurements in the 
same watershed or at nearby stations . Flows were then 
generated from information at the nearby stations . 

Table III . Statistics of Measured and Generated 
Discharge for Key Inflows (daily flows 
in cms) . 

Name Average Range 

Fraser River, WG- l 3 . 2 0 . 9- 48 . 5 
Colorado River , WG-2 2 . 1 0 . 3- 46 . 1 
Hot Sulphur Springs 6 . 4 1.2-76 . 7 
Williams Fork 2 . 8 0 . 1- 34 . 1 
Troublesome Creek 1.2 . 03-16 . 7 
Muddy Creek 4.7 . 03- 51. 7 
Blue River 11. 9 1.2-53 . 5 
Colo . nr . Kremmling 27 . 3 7 . 00- 185.3 

C complete record 
P partial record generated (one year or less) 
G entire record generated 

Remarks 

G 
C 
C 
P 
G 
G 
C 
P 

Flow distribution was conducted on a mass balance 
approach . Two long reaches, the reservoir to Hot Sulphur 
Springs and Hot Sulphur Springs to the Gore Canyon gage near 
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Kremmling, were utilized. Daily flows were considered. 
Gains or losses in the reach were computed as known outflow 
minus known (or generated) inflows . Gains were distributed 
to the minor tributaries and non-point sources based on 
draingae area and elevation . Losses were removed according 
to irrigated area, potential diversion, and near-river, non
irrigated area . When losses occurred, tributary inflows 
were assumed to be zero. Once the major, minor, ann non
point inflows and outflows were determined, the appropriate 
river flows were distributed to the cross - sections and sample 
sites . This provided the initial or base period of pre
pumping discharges . 

The post-pumping discharges were found by imposing the 
previously discussed flow constraints at the appropriate 
cross-sections, finding the minimum difference between pre
pumping and constraint values, then using that difference as 
the maximum pumping rate if it was not greater than 16 . 8 cms. 
Other constraints on pumping include maximum yearly with
drawals, lO-year average withdrawals, and senior water rights 
"calls " on the river. Only the last constraint was consi
dered in addition to the 16.8 cms pumping right and minimum 
flows because the other two would permit increased flow and 
higher sediment transport, a beneficial result. Generally 
"calls " run for about eight months and pumping would be 
permitted in the period between about April and August, an 
average of 135 days per year . Meeting all these constraints 
resulted in the post-pumping flows in the river and the 
potential pumping for the diversion. 

Sediment Transport 

Sediment transport in the river is controlled by up
stream and inflow supply because of the heavy bed armor . 
Supply is currently (and historically) low so that transport 
capacity exceeds supply for the base period . A sediment mass 
balance between the WG sampling sites was conducted . Assum
ing the measured loads were indicative of supply, the 
current gains and losses for the 20-year period using daily 
flows were computed from empirical relationships. These 
loads are presented in Table IV . Except for WG-4, the loads 
are very consistent as expected from supply control, i . e. 
everything is transported . The load at WG-8 shows the 
effects of Troublesome Creek . Gains between sites were 
interpreted as lateral inputs that would exist for post
pumping flows . These loads along with the post- pumping 
flows set the conditions for potential aggradation . 

Potential sediment transport was computed using a form 
of the Meyer- Peter, Muller equation modified to account for 
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Table IV . Computed Bed Load Passing WG Sampling 
Sites for the Base Period. 

Site 

WG-l + WG-2 
WG-3 
WG-4 
WG-5 
WG-6 
WG-7 
WG-8 

Load Passing 
Tonnes 

784 
901 

1992 
916 
913 

1214 
4935 

Gain or Loss in Reach 
Tonnes 

117 
1091 

-1076 
-3 

301 
3721 

shear stress against the grain created by the flow velocity . 
This theoretical transport was compared with measured values 
to confirm that grain movement did occur for the various 
sediment sizes collected. Transport rates for individual 
grain-size fractions were computed and comparison with 
measured data indicated that potential transport was 10 to 
100 times greater . This is reasonable as steep channel 
(~verage bed slope was 0.006 in the mainstem) experiments 
indicate that bed loads can easily be greater than 500 ppm, 
a level never approached in any sample . All of these find 
ings and computations led to the following results . 

RESULTS AND CONCLUSIONS 

Pumping Rates 

Application of three of the five constraints indicated 
that pumping could occur 2232 days out of a possible 2692 
over the 20- year period . The average rate would be 6 . 2 cms 
or . 06 km3 per year . Fifty-four percent of the time pump 
rates of 4 . 2 cms or less would be permitted . Seventeen per
cent of the time the maximum rate of 16 . 8 cms could be 
attained . 

River Flows 

The effect on the river flows varied from year to year . 
As comparisons, a "wet " , high runoff year (WY 1962 ) and a 
"dry", low runoff year nIT 1977) are shown in Figures 6 
and 7. Note the scale differences . The effects on transport 
capacity at the WG sites for the two years are presented in 
Table V. 
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Table V. Comparison of Wet Year and Dry Year 
Sediment Transport at WG Sites . 

Average Discharge 2 cms TransEort, tonnes 

Water Pre- Post- Supply Capacity 
WG Year Pumping Pumping equations equations 

3 1962 12 . 0 7 . 2 55 1. 4x105 
1977 3 . 0 2 . 7 1 1 . 4xl03 

4 1962 14 . 0 9 . 1 130 1. 5x105 
1977 3.1 2 . 8 0 . 45 7 . 3x103 

5 1962 13 . 7 9.1 45 6 . 5x107 
1977 3.1 2 . 8 0 . 36 3.5xlO6 

6 1962 19 . 8 14 . 9 79 6 . 6x105 
1977 6 . 0 5 . 7 6 . 4 1. 7xl04 

7 1962 19 . 2 14.4 104 5 . 2x105 
1977 5 . 5 5 . 2 19 8 . 8x104 

8 1962 21. 0 16 . 1 458 1. 2x105 
1977 6 . 0 5 . 7 43 1. 2x104 

As Table VI. indicates, transport capacity exceeds 
supply by orders of magnitude for the entire 20-year period . 
These results, composited and averaged for the entire 
20-year period, also show that capacity exceeds the assumed 
supply . 

Table VI . Comparison of Theoretical Transport and 
Sediment Supply Over the 20- Year Period 
During Pumping . 

Sediment Sediment 
Supply, Transport, 

WG-Site Tonnes Tonnes 

3 138 6 . 7x105 
4 1232 8 . 3x105 
5 1232 8 . 6x107 
6 1232 2 . 6x206 
7 1683 3.8x106 
8 5388 7 . 5.105 
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CONCLUSIONS 

A field and computer model study was conducted in order 
to determine potential downstream aggradation from a river 
diversion. Field data indicate, and process models confirm, 
that if the observed conditions represent the past and 
future system, no significant aggradation should occur . 
However, conditions leading to increased sediment loading 
to the stream, such as wildfire or flash flooding, may create 
temporary situations where aggradation can become a problem. 
Under present conditions and current operating constraints, 
stream aggradation should not adversely effect the present 
trout fisheries . Field work, laboratory analyses, and 
computer simulation of the controlling physical processes all 
indicate the same conclusion. 
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CHAPTER 8 

HISTORICAL PATTERNS OF PHYTOPLANKTON 
PRODUCTIVITY IN LAKE MEAD 

R.T . Prentki 
L.J . Paulson 

Lake Mead Limnological Research Center 
University of Nevada, Las Vegas 

INTRODUCTION 

Lake Mead was impounded in 1935 by the construction of 
Hoover Dam . The Colorado River was unregulated prior to then 
and therefore was subjected to extreme variations in flows 
and suspended sediment loads. Hoover Dam stabilized flows 
and reduced suspended sediment loads downstream [1J , but 
Lake Mead still received silt-laden inflows from the upper 
Colorado River Basin . The Colorado River contributed 97% of 
the suspended sediment inputs to Lake Mead, and up to 140 X 

106 metric tons (t) entered the reservoir in years of high 
runoff [2J . Most of the sediments were deposited in the 
river channel and formed an extensive delta in upper Lake 
Mead [3,4J . However , sediments were also transported into 
the Virgin Basin and Overton Arm by the overflow that oc
curred during spring runoff [5J . The limnology of Lake Mead 
is thought to have been strongly influenced by this turbid 
overflow until Glen Canyon Dam was constructed 450 km up
stream in 1963. 

The construction of Glen Canyon Dam and formation of 
Lake Powell drastically altered the characteristics of the 
Colorado River inflow to Lake Mead [2J . The operation of 
Glen Canyon Dam stabilized flows, reduced river temperatures 
and cut the suspended sediment loads by 70-80% [2J . Nitrate 
loads decreased initially during 1963 and 1964, then in
creased through 1970, but have since decreased again to a 
lower steady state [6J . Phosphorus loads were decreased due 
to reductions in suspended sediment inputs [2J. Lake Powell 
now retains 70% of the dissolved phosphorus [1 J and 96% of 
the total phosphorus [7J inputs that once flowed into Lake 
Mead . The Colorado River still provides 85% of the inorganic 
nitrogen to Lake Mead, but Las Vegas Wash now contributes 
60% of the phosphorus inputs [2J . 

Wastewater discharges from Las Vegas Wash into Las 
Vegas Bay increased steadily during the post-Lake Powell 
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period . The morphometry and hydrodynamics of Lake Mead are 
such that the Las Vegas Wash inflow is confined to the Lower 
Basin where historically it has elevated phytoplankton pro
ductivity . However, high phosphorus loadine and productivity 
have resulted in decreases in nitrate concentrations, and 
the Las Vegas Bay and parts of Boulder Rasin have become ni
trogen limited since 1972 [6J . A unique situation has there
fore developed in Lake Mead in that the Upper Basin has be
come more phosphorus limited and the Lower Basin more nitro
gen limited since the formation of Lake Powell . Paulson and 
Baker [2J theorized that these changes in nutrient loading 
and limitation must also have been accompanied by decreases 
in reservoir-wide productivity. 

There is some evidence for this hypothesis in apparent 
improvements in water quality of Las Vegas Bay since 1968 
[6J . Chlorophyll-a concentrations in the inner Las Vegas Bay 
have decreased considerably since the first measurements 
were made in 1968 [8J and during the period of the Lake Mead 
Monitoring Program [9 -1 2J . Improvements in water quality of 
the bay have confounded efforts to establish water quality 
standards on effluent discharges and are contrary to predic
tions made in the early 1970s that water quality would con
tinue to degrade with increased phosphorus loading [13J . The 
decline in the largemouth bass fishery documented by the 
Nevada Department of Wildlife . [14J could also be a symptom 
of lower productivity in Lake Mead . 

In this paper, the hypothesis that algal productivity 
has declined in Lake Mead as a result of impoundment of Lake 
Powell is evaluated. The chemical status of six stations in 
the Upper and Lower Basins of Lake Mead is analyzed and cur
rent and past rates of organic carbon and phosphorus sedi
mentation are calculated. The relationship between algal 
productivity and accretion of organic carbon in sediment is 
determined, and this is used to construct a historical re
cord of algal productivity for Lake Mead . 

METHODS 

Sampling Locations 

The productivity and siltation patterns in Lake Mead 
are extremely heterogeneous due to the irregular reservoir 
morphometry and variable influence of nutrient loading from 
Las Vegas Wash and the Colorado River [15J . In order to in
sure that this heterogeneity was adequately represented in 
the survey, multiple sediment cores were collected from 
several locations in the reservoir. The location of drilling 
sites are shown in Figure 1, and site characteristics are 
listed in Table I. Station locations were surveyed with an 
echo-sounder and the final sites were selected to provide a 
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reasonably flat, undisturbed sediment surface. The stations 
were purposely placed outside the old river channel to avoid 
possible sediment disturbances from the Colorado River den
sity current. Station 1 was a shallow-water site in a small 
embayment of the inner Las Vegas Bay, near the point of the 
sewage inflow from Las Vegas Wash. Stations 2 and 3 were 
placed in the Lower Basin; one of these in Boulder Basin 
(Station 3). Two stations were also placed off the old river 
channel in the Upper Basin: the Virgin Basin (4) and Bonelli 
Bay (5) stations. The sixth station was located in the Over
ton Arm, near Echo Bay. 

MAP OF LAKE MEAD 
ARIIONA- NEVADA 

from Prlntlll,Paullon and Ball_,1981 
LEGEND 

-- Thal •• O of Colorado R. 

Uk'" 

Figure 1. Map of Lake Mead Sediment Coring Stations . 

Table I . Physical Characteristics at Sediment Coring 
Stations in Lake Mead . 

Water Depth Number of Date of Relict 
Station (meters) cores submersion material 

(month- year) 
1 * 14 8 6- 38 gravel 
2 60 11 7- 35 gravel 
3 90 6 7-35 gravel 
4 80- 95 10 7- 35 soil 
5 102 1 1 7-35 sand 
6-1(* 75 8 7- 35 sand 
* This station was dry in low water years 
** Fine sediment was not deposited above sand until 3-40 
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Sediment Coring 

The sediment coring was conducted by an oceanographic 
drillin company (Ocean/Seismic/Survey Inc ., Norwood , NJ) . A 
hydraulically- operated vib r a - corer was used to obtain un
disturbed sediment cores of 8 . 6 cm effective diameter . Cor
ing rates were monitored with a penetration recorder . Coring 
was terminated when coring rates indicated that contact had 
been made with the old reservoir floor . The corer was re 
trieved and the core was immediately inspected through the 
Lexan liner for signs of marbling or other disturbance . Un
disturbed cores were capped and stored upright . They were 
transferred to a walk- in f reezer on the University of Ne
vada , Las Vegas campus within 10 hours of collection . Six to 
eleven cores were collected from each station . The coring 
was conducted over a ten- day period during mid - October , 
1979 . 

Sediment Analyses 

A detailed description of procedures used for analysis 
of sediments is given in Kellar et al e [ 16J and will only be 
discussed briefly here . Frozen cores were sectioned in 1. 3-
cm intervals from the top down . Outside surfaces of the core 
sections were scraped to eliminate any surface contamina
tion . Corresponding sections of the several cores from each 
station were pooled . 

Organic carbon content of sediment w~s determined with 
an elemental analyzer (Perkin Elme r Model 240B) . Sediments 
were first treated with 1N HCl and heated at 105°C to drive 
off carbonates . Duplicate , 20- 60 m suhs~mples were then 
combusted i~ the elemental analvzer at 950 °C . Total phos
phorus was analyzed by the phosphomolybdate method followin 
ignition of 0 . 5 g samples at 550°C and subsequent extraction 
of phosphorus from the residue into 1 H2 S0 4 • 

Sediment bulk density and calcium carbonate content 
measurements were necessary in order to calculate the organ
ic carbon sedimentation rates but are not reported here . 
These data and description of their analytical methodology 
are described by Prentki et al e [ 17 J . 

The Cesium- 137 counting of 500- 1000 g samples w s per
formed by Controls for Environmental ~ollution I nc . (CEP) , a 
commercial laboratory in S~nta Fe , Jr . Th e required sample 
size necessitated pooling two to three adjoining 1 . 3- cm sed 
iment sections . A few samples were also counted by the U. S. 
Environmental Protection Agency , Office of Radi~tion Pro
grams , Las Vegas , I V, and by the Southern Plains jatershed 
and iate r Quality Labor~tory , Dur~nt , OK , fo r quality assur
ance purposes . 
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RESULTS AND DISCUSSION 

Sediment Core Dating 

Cesium-137 radioactivity from atmospheric bomb fallout 
has been widely used to date reservoir sediments [18J . Ce
sium-137 is strongly adsorbed by fine soil particles and, if 
eroded from the watershed, will be deposited in reservoir 
sediments . The first occurrence of Cs -1 37 activity in the 
bottom of a sediment profile indicates that the layer was 
deposited after the first testing in 1954. The most inten
sive period of fallout was caused by Russian testing during 
1962-64; fallout has decreased steadily since 1963. Peak 
fallout, therefore, occurred during the period when Lake 
Powell was formed, providing an excellent sediment marker in 
Lake Mead . 

The Cs-137 concentrations in Lake Mead sediments were 
generally low and differed somewhat between the Upper and 
Lower Basins (Figure 2) . The slightly higher activity in 
Upper Basin sediments apparently reflects greater inputs and 
deposition of suspended sediments from the Colorado River. 
The bottom sediment layers where Cs-137 activity first ap
peared were evident in all cores from deep stations and were 
assigned the 1955 marker. The Cs-137 profiles in middle Las 
Vegas Bay , Boulder Basin, Virgin Basin, and the Overton Arm 
generally followed the classic pattern that has been found 
in other reservoirs. Cs-137 activity increased after 1955, 
reached a peak, and then decreased again in recent sedi
ments . The peak activity layer in these cores was assigned 
the 1963 marker. / 

Data collected in Bonelli Bay and the inner Las Vegas 
Bay were, however , more difficult to interpret . In Bonelli 
Bay, peak Cs-137 activity occurred at 17-19 cm sediment 
depth, far below that found at the other Upper Basin Sta
tions. In Virgin Basin, the peak activity occurred at 8-9 
cm, and in the Overton Arm, it occurred at 3-4 cm sediment 
depth . In order to resolve the obvious discrepancies with 
other Upper Basin cores, we assigned the 1963 marker to the 
secondary Cs-137 maximum that occurred 3-4 cm from the 
sediment surface in Bonelli Bay. This is consistent with 
changes in other chemical parameters of this layer [17J and 
reasonable in terms of known reductions in suspended sedi
ment loading and siltation in the Upper Basin after 1963. 
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Figure 2. Cesium-137 Profiles of Lake Mead Sediments and 
Dates of Various Sediment Layers. 

The Cs-137 profile in the inner Las Vegas Bay was also 
difficult to interpret because activity was found in gravel 
layers deep in the core. This station was shallow and in the 
past has been subject to water level fluctuations and peri-

110 



od ic rlesicca Jion . ':'hifl :=t r eA. \v 'lS ry un t i 1 1 ')8 , very sh::t 1101,01 
(1 - 2 m) durin,; 1 7 ::tnri from 1 51- S? , lOIn then dry aF;HiYJ. 
from 1 6 - ' • "RecRuse of possible reworkin , of sediment du r 
in d r y o r low wqter yea rs , WP w~ re unnble to lse the difl::tp
pea rA.nce of Cs - 137 activity to indicA.te the 1 S5 DRrker . 
r oreover , the peak in Cs - 137 activity mllflt reflect 1q6q 
rather thRn 1963 , because thi s ::treA. WA.S dry over the pe riod 
f rom 1963 - 6 . 

Apart from some difficulties in interpreting Cs - 137 
pro file s in ~onelli B::t! and the innpr L::ts Ve~A.s ~RY , the 

s - 137 da ta provide rel i::tble ma r ke rs of the 1955 nd 10 63 
sediment lA.yers . I t is Rlso poss ible to estHhliflh R third 
ma r ke r , the old reservoir floor of 19')5 , by obvious dis 
continuities between pre - reservoir soils ::tnd reservoir sedi 
~ents . Sediments were underl::tin by , r a vel in the middle L::ts 
Ve ,::tS Bay , g ravel and soft rock in ~oulder BRsin , llnconfloli 
dated desert soilfl in Virgin R::tsin , ::tnd sand in Bonelli B::ty . 
A simi lR r iscon ti nui t,v ex ifl ted i:1 Overton Arm , but t "1e 
sediment epth here was ::tlso influenced by delta de osits 
~rom the Vi r f,in ~i v e r RS the reservoir was fillinp, . ~ould 

[ 1q J r epo rted that in 19)5 and 19')6 the mou th of the Vi r gin 
Rive r W8.S 10cA.ted at Bi tter Hash , ::t few kilOMeters llpstream 
f r om our station . He w::ts , therefore , unable to ctiflting li flh 
hetween sand de pos it ed by the river a nd that in the pre
rese rvo ir ne . osits . lay sediments we re deposited once lRke 
levels increased and caufled the poin t of river inflow to 
r ecede up the Overton Arm . Th ifl occurred i n 1Q40 . Lave rs 
below that re~resent silt::ttion f rom the Vi r Rin Rive r inflows 
durinG 1935 - 40 . 

ediment Ch emic::tl Structure 

Or "A.nic carbon in LRke Mead sed imen tfl '-las very low . 
Val les ranged from 0 . 3% of sediment dry weight in eRrly 
sedinents to 1 . 7 , ~ in recent sedime nts (Fi~ure 3) . 

Total phosphorus concentrations of Lake MeA.d sediments 
were appreciRble and ranf,ed from 300 ppm of dry wei" ht i n 
old reservoir sediments to 1000 ppm in recent sediments 
(Fi ure 4) . In the inner and middle Las Vegas Bay , phos
phorus increased steadily in sediments deposited after 1963 , 
but elsewhere phosphorus concentrations decreased or remain
ed stable . The organic earbon : phosphorus ratios were very 
low , ranging from 10 to 20 . These ratios are tenfold lower 
than found in plankton and considerably lower than those 
reported in other lake sediments ~ 17 ] . The low C/P ra tios 
were caused by the presence of lar~e Rmounts of biolo , icp. _l, 
unavailable particulate phosphorus which entered Lq~e ~p::t~ 

from the Colorado River L20] . 

III 



% ORGANIC CARBON 

o 0r-____ -,~ ____ ~~--~~l~5-- o o 0.5 1.0 

.. 
II 

CI) • en 
(~ II: 
u en 

1&.1 
10 f3 i- .... 

\oJ 1&.1 1&.1 

~ 
~ :I ~ 
u u ,.. ~ ~ ~ z 

10 
z 

1&.1 1&.1 
U u 

15 

,{ I STATION! :;::: 20 

SOIL 

0 

25 

, 

10 fI.-

Figure 3. Organic Carbon Content of Lake Mead Sedi ment s 
(Range in Replicate Analyses Shown by Shading) . 

112 

1.5 



TOTA L PHOSPHORUS ( PPM 

0 400 800 0 400 800 
0 0 0 0 r 

;: .!ill 
r 

STATION I r STATION 5 

I:> 
8 

0 0 1935 (STATION 
lOlL 

5 8) 

STATION 2 
10 

CI) 8 (I) 
a: 
:oJ 

a: 
.... CI) 1&.1 lOCI) 

w ... 
~20 :l: 1&.1 W 

u :f :l: 

i= ~ 
u 

z ~ ~ 
w 10 Z 
(.) 1&.1 

U 
10 

l STATION 
3 ~- 20 

. !ill. 
- SOIL 

0 

2!5 

STATION 4 ~ STATION 6 
7 

S 

30 

.-_J 
10 ,!;~'.~ 50, ... 1. , 

35 ~ 90 

Figure 4 . Total Phosphorus Content of Lake Mead Sediments 
(Range in Replicate Analyses Shown by Shading) . 

Spatial and Temporal Patterns in Sedimentation 

The Cs - 137 data and chemical analyses enabled us to 
estimate annual sedimentation rates for organic carbon and 
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Spatial and Temporal Patterns in Sedimentation 

The Cs - 137 data and chemical analyses enabled us to 
estimate annual sedimentation rates for organic carbon and 
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phosphorus during three periods of reservoir history (1935 -
54 , 1955-62 and 1963- 79) . In addition , it was possible to 
partition autochthonous (in-reservoir) and allochthonous 
(river- borne) components of organic carbon on the basis of 
previous analyses of bottomset delta deposits made during 
the 1948- 49 sediment survey in Lake Mead [19J . A 15- 30 m 
bottomset delta , comprised primarily of fine clay materials , 
was formed in the Colorado River thalweg of Virgin and Boul
der Basin during the first 13 years of impoundment . The 
bottomset delta deposits were fairly uniform in organic 
carbon (0.55%) and calcium carbonate (16%) and were compris
ed of nearly pure allochthonous material due to the enormous 
rate of siltation . Siltation in non-thalweg areas of the 
reservoir is much lower, since we found at most 46 cm of 
sediments in either basin . 

These non- thalweg deposits are comprised of both au
tochthonous and allochthonous materials . It was possible to 
partition these materials by measuring organic carbon and 
carbonate concentrations in various layers of the non- thal 
weg sediments, and subtracting out that reported in bottom
set delta sediments . This separation is analogous to that 
for tripton from resuspended sediment by Gasith [21 J . The 
details of calculations for autochthonous and allochthonous 
organic carbon in Lake Mead are presented by Prentki et al e 
[ 1 7 J. 

There was considerable spatial and temporal variation 
in sedimentation patterns in Lake Mead (Figure 5) . In the 
period from 1935-54, organic carbon sedimentation was high
est in the Overton Arm and Bonelli Bay, lower in Virgin 
Basin, and the Lower Basin . Phosphorus sedimentation was 
extremely high in the Upper Basin (up to 17 g/m2 · yr) and 
closely related to dry weight and allochthonous carbon 
sedimentation . The low C/P (ca . 12 : 1) ratios of sedimented 
material again indicated that most of the sediment phos
phorus was not associated with limnetic plankton remains . 
Sedimentation rates were extremely low in the Lower Basin 
during this period. There was no measureable accumulation of 
sediment in Boulder Basin prior to 1955 . Similarly, in Las 
Vegas Bay, sedimentation rates were extremely low in the 
early history of Lake Mead . 

Sedimentation rates increased in the Upper Basin during 
the period from 1955-62 . This was especially evident in 
Bonelli Bay and Virgin Basin where autochthonous carbon 
sedimentation increased twofold over the preceding period . 
Phosphorus sedimentation also increased in the Upper Basin 
but not as drastically as what was observed for carbon. It 
is somewhat surprising that these sedimentation rates in
Cj'eased during this period because average suspended sedi
ment loading decreased by 34% . The suspended load in the 
Colorado River averaged 110 x 106 t/yr prior to 1955 but 
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then decreased to 73 x 106 t/yr during the 1955- 62 water 
years [22J . Allochthonous organic carbon sedimentation 
rates , however, increased by 20% in the Overton Arm and 400% 
in Virgin Basin indicating that there must have been a sig
nificant change in the distribution of suspended sediment 
inputs across the Upper Basin . 

SEDIMENTA TION RATES 
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Figure 5. Sedimentation Rates for Organic Carbon and 
Phosphorus During Three Periods (1935 - 54 , 
1955- 62 , 1963 - 79) of Lake Mead History . 

6 

The Colo rado River has historically formed an overflow 
during spring and a shallow interflow during summer in the 
Upper Basin [5J . During spring runoff, this resulted in dis 
persal of fine suspended sediments across the Upper Arm of 
Lake Mead (Gregg Basin , Temple Basin) . High spring runoff 
and flooding occurred in the Colorado River during 1956-58 
and in 1962 (USGS data) , and this apparently caused greater 
dispersal of suspended sediments into non- delta areas of the 
Virgin Basin , Bonelli Bay and the Overton Arm . The magnitude 
of spring runoff and seasonal frequency of flooding appear 
to be more important factors than is average , annual sus 
pended sediment loading in determining sedimentation in non
delta areas of the reservoir . However , even during years of 
extreme spring runoff , it does not appear that much Colorado 
River suspended sediment is transported into the Lower 
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Basin. There was only a slight increase in sedimentation 
rates of allochthonous organic carbon in Boulder Basin 
during the period 1955-62 (Figure 5). There was a greater 
increase in sedimentation in the middle Las Vegas Bay, but 
this was probably due to increased discharge of sewage 
effluents into the Lower Basin. 

Suspended sediment loading in the Colorado River de
creased to an average of 16 x 106 t/yr in the period after 
Lake Powell was formed in 1963 [22J . This was accompanied by 
a drastic reduction in sedimentation of both phosphorus and 
organic carbon throughout the Upper Basin (Figure 5). In 
contrast, sedimentation increased slightly in Boulder Basin 
and decreased in middle Las Vegas Bay. Sedimentation pat
terns in Lake Mead were reversed after 1962 in that rates in 
the Lower Basin exceeded those in the Upper Basin . 

Reservoir-wide Sedimentation as Related to Phosphorus 
Loading 

The sedimentation rates given in Figure 5 provided a 
basis for estimating reservoir-wide sedimentation during 
three periods of Lake Mead history. However , it was neces
sary to extrapolate sedimentation rates at each station to 
larger areas of the reservoir using area estimates of Lake 
Mead from Lara and Sander 's [4J sediment survey. The areas 
represented by our stations are shown in Table II . These 
only accounted for 77-78% of the total reservoir area be
cause sampling was not conducted in the Upper Arm (Temple 
Basin, Gregg Basin , Iceberg Canyon and Grand Wash). In order 
to obtain an estimate of reservoir-wide sedimentation, we 
used data from station 5 to characterize the Upper Arm of 
Lake Mead . 

The formation of Lake Powell markedly reduced phospho
rus sedimentation in the Upper Basin of Lake Mead . Phospho
rus sedimentation in the Upper Basin was extremely high dur
ing the early history of Lake Mead but decreased by 93 . 5% 
after formation of Lake Powell (Table III) . Phosphorus sedi
mentation in the Lower Basin decreased by only 2% in the 
post-Lake Powell period. Reservoir-wide phosphorus sedimen
tation, however, decreased from an average of 5200 t/yr 
during 1955-62 to 623 t/yr after 1962. 

There are no long-term loading data for phosphorus, but 
it must have been high, particularly during 1955-62, to ac
count for the high rates of phosphorus sedimentation during 
the pre-Lake Powell years. Phosphorus loading was probably 
on the order of that recently measured for Lake Powell by 
Gloss et ale [ 7J. They estimated that the Colorado River 
currently provides 5224 t/yr of total phosphorus to Lake 
Powell. However , only 229 t/yr of ~hosphorus is currently 
discharged from Glen Canyon Dam [7J, and about the same 
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amount , 198 t/yr enters Lake Mead from the Colorado River 
[ 23J . These numbers represent a 96% reduction in total 
phosphorus loading into Lake Mead which accounts for the 
abrupt decrease in phosphorus sedimentation in the Upper 
Basin . 

Table II . Reservoir Mean Surface Areas (km 2 ) Characterized 
by Sediment Coring Stations . 

Time 
Mean* Total 
Lake Lake Station 

Interval Level Area 2 3 4 
(m) (km2

) 

~ 1954 350 447 ** 21.7 101.7 35.8 
1955 -62 352 465 ** 22.1 103.6 37 .0 
~ 1963 353 475 0.8 21.4 104.2 37.7 

*Lake level from [22J and USGS (unpublished). 
**Combined with station 2 

5 

108.7 
112.5 
114.3 

6 

80.0 
85 .1 
87.3 

Table III . Average Reservoir-Wide and Individual Basin 
Sedimentation of Phosphorus in Lake Mead 
(t/yr). 

Lower and 
Time Whole Lower Upper Upper 

Interval Reservoir Basin Basin Basin 
:s 1954 2470 1 5 1780 1795 
1955- 62 5200 273 3390 3663 
> 1963 623 268 220 488 

Sewage effluent discharges and nutrient loading from 
Las Vegas Wash , however, rose steadily in the post-Lake 
Powell period . Las Vegas Wash now contributes 60% of the 
phosphorus input to Lake Mead [23J . The morphometry and 
hydrodynamics of Lake Mead [15J are such that the phospho
rus-rich Las Vegas Wash inflow is confined to the Lower 
Basin . Phosphorus sedimentation in the Lower Basin has been 
maintained , therefore, at levels equal to that in the 1955-
62 period (Table III). 

The historical patterns of phosphorus sedimentation in 
each basin of Lake Mead generally agree with historical 
changes in loading. However, there is a considerable differ
ence in sedimentation estimated from nutrient budgets (ap
parent sedimentation) [23 J and absolute sedimentation 
measured in this study. 

Phosphorus loading to Lake Mead was 198 t/yr from the 
C[olorado River and 263 t/yr from Las Vegas Wash in 1977-78 
23J . Total phosphorus loading to Lake Mead was about 460 

t/yr because the Virgin and Muddy Rivers contribute minimal 
phosphorus to the reservoir [24J . Phos~horus loss from 
Hoover Dam was 123 t/yr in 1977-78 [23J . The fish harvest 
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also resulted in an annual loss of 25 t of phosphorus from 
the reservoir [25J. The combined phosphorus losses from Lake 
Mead would therefore be 148 t/yr. Apparent phosphorus sedi
mentation would be 312 t/yr. Absolute phosphorus sedimenta
tion, as measured in this study, was 268 t/yr in the Lower 
Basin, 220 t/yr in the Upper Basin and 623 t/yr in the whole 
reservoir during the post-Lake Powell period (Table III). 
Absolute sedimentation thus exceeded 1977-78 apparent sedi
mentation by 311 t/yr. It is unknown whether loading for 
1977-78 reflects average annual loading in recent years. 
However, the discrepancy between the two retention numbers 
is most likely caused by a higher nutrient output from Lake 
Powell during the first years of impoundment than is now 
occurring [2,20J. 

Organic Carbon Sedimentation and Phytoplankton Productivity 

The historical changes in nutrient loading to Lake Mead 
have also been accompanied by marked changes in organic car
bon sedimentation and, as will be shown, phytoplankton pro
ductivity. Reservoir-wide autochthonous carbon sedimentation 
was low prior to 1955 but increased sharply during the peri
od from 1955-62, followed by an abrupt decrease in the post
Lake Powell period (Table IV). The same trends were also 
evident for allochthonous organic carbon sedimentation. 
Organic carbon sedimentation was consistently higher in the 
Upper Basin during the pre-Lake Powell period and accounted 
for over 90% of reservoir-wide organic carbon sedimentation. 
This pattern was reversed after 1962, and the Lower Basin 
now contributes over 50% of organic carbon sedimentation in 
Lake Mead. However, reservoir-wide sedimentation has still 
been reduced by 76.8% of that which occurred in the 1955-62 
period. 

Table IV. Reservoir-Wide and Individual Basin Sedimen
tation of Autochthonous and Allochthonous 
Organic Carbon in Lake Mead (t C/yr). 

Whole Lower Upper Lower and 
Interval Reservoir Basin Basin UEper Basin 

Autochthonous 
~ 1954 7710 48 6150 6198 

1955-62 33400 2290 20300 22590 
~ 1963 7720 3830 2450 6280 

Allochthonous 
::: 1954 18900 85 13800 13885 

1955-62 32500 1710 21700 23410 
~ 1963 3300 1200 1320 2520 
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For the post-Lake Powell period, autochthonous organic 
carbon sedimentation in various locations of Lake Mead (Fig
ure 6) was closely related to recent phytoplankton produc
tivity measurements made at these locations by Paulson et 
ale [ 15 J . There was a good correlation (r=O . 979, N=6) 
between annual autochthonous organic carbon sedimentation 
and annual phytoplankton productivity (1977-78) at the six 
sediment sampling stations (Figure 6) . Linear regression of 
organic carbon sedimentation against phytoplankton produc
tiv i ty ( Equation 1) provided a means of predicting histor
ical productivity in the reservoir. 

where PPR 

PPR = - 7 + 19 . 7 (AOC) 

rate of phytoplankton productivity 
(g C/m2 . yr) 

(1 ) 

AOC autochthonous organic carbon sedimentation 
(g C/m2 . yr) 
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Figure 6 . Relationship of Recent Estimates of 
Phytoplankton Productivity in Lake Mead to 
Autochthonous Organic Carbon Sedimentation 
in the Post- Lake Powell Period . 
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Rates of phytoplankton productivity estimated for each 
station with Equation 1 were extrapolated over larger areas 
of the reservoir to estimate reservoir-wide and individual 
basin total annual production (Table V). The spatial and 
historical trends in total production (Table V) necessarily 
follow those for autochthonous organic carbon sedimentation 
(Table IV) and thus do not provide different information. 
However, historical rates in units of productivity enable us 
to better reconstruct the trophic history of Lake Mead. 

Table V. Reservoir-Wide and Individual Basin Estimates of 
Historical Rates of Phytoplankton Production 
(t C / yr x 1 0 3 ). 

Interval 
~ 1954 

1955-62 
~ 1963 

Whole 
Lake 

146 
651 
144 

Lower 
Basin 
0.6 

43 
73 

Upper 
Basin 

117 
395 

44 

Lower and 
Upper Basin 

118 
438 
117 

In the early decades of Lake Mead, only 600 of 146,000 
t/yr production occurred in the Lower Basin (Table V). In 
the subsequent 1955-62 period, productivity of the reservoir 
increased to 651 ,000 t/yr apparently because of both high 
nitrate loading [17J and strong spring overflows of phospho
rus-rich, Colorado River water. Lower Basin productivity 
then accounted for 7% of whole reservoir production. 

Since the impoundment of Lake Powell in 1963, there has 
been a drastic reversal of the productivity of Lake Mead. 
Productivity has dropped to 144,000 t/yr, 4.5 times lower 
than in 1955-62 and 49% of the entire, 1935-62, pre-Lake 
Powell average. The Upper Basin is now severely phosphorus 
limited and productivity of this basin is now only 22% of 
the pre-Lake Powell average, 11% of the 1955-62 rate. The 
Lower Basin now accounts for 51% of total reservoir primary 
production. 

We attribute almost all of this Lower Basin production 
to fertilization by sewage effluents from Las Vegas Wash. 
Without this latter input, the decline in the productivity 
of Lake Mead would have been even more dramatic than 
documented here. 
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F. A. Morris 
L. J . Paulson 

CHAPTER 9 

WATER QUALITY TRENDS IN 
THE LAS VEGAS WASH WETLANDS 

Lake Mead Limnological Research Center 
University of Nevada , Las Vegas 

INTRODUCTION 

The Las Vegas Wash is a wetlands ecosystem that acts to 
buffer the effects of wastewater discharges on the receiving 
waters of Lake Mead . The wash is the terminus for the 4 ,1 44 
km 2 Las Vegas Valley d r ainage basin , emptying into Las Vegas 
Bay of Lake Mead (Col orado River) . It is in the northe r n 
Mojave desert , which receives an average of only 10 cm of 
rainfall annually . The Las Vegas Wash is technically an 
artificial wetland supported almost entirely by the perenni
al flows from sewage treatment plants . These flows contri
bute an average of 3. 7 t of nutrients (nitrogen and phospho 
rus) and 4 t of oxygen consuming organic material (BODs) to 
Lake Mead per day . High nitrate and total dissolved solid 
loads (2 . 7 and 603 t/day respectively) are derived pri
marily from groundwater inputs in the lower wash [1 , 2, 3J . 
The contaminated ground water originates f r om large under
ground salt mounds that were formed from discharges of 
industrial effluents into unlined evapo r ation ponds until 
1978. 

Conflicting interests among municipal , recreational , 
and down - river users make the Las Vegas Wash a focal point 
in current legal disputes regarding the need for advanced 
wastewater treatment (AWT) . In light of rapidly escalating 
costs, especially for energy and chemicals needed for AWT , 
many municipalities nation- wide are investigating alterna
tive treatment techniques . Public Law 92 - 500 , Section 210 
(parts d and f) specifically encourages the reclamation and 
recycling of wastewaters . Operation of treatment facilities 
to produce revenue through the production of agriculture , 
SilViculture , or aquaculture products is encouraged . Com
binations of open space and recreational uses with waste 
treatment management techniques are also emphasized in PL 
92 -500. 

The Las Vegas Wash ecosystem has been identified as a 
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potential wastewater treatment system. Previous investiga
tions [4,5J indicate that the ecosystem could be removing 
substantial amounts of nutrients from wastewaters. Goldman 
and Deacon [5J recommended "that a specifically designed 
nutrient removal management program be developed and im
plemented with the flow distribution and erosion control 
program necessary to maintain wetland wildlife habitat." 

The purpose of this paper is to describe historical and 
current water quality and to quantify the degree of nutrient 
removal presently occurring in the Las Vegas Wash. 

DESCRIPTION OF THE STUDY AREA 

Las Vegas Wash is located in Clark County, Nevada, 
between the City of Las Vegas and Lake Mead (Figure 1). The 
boundaries of the Wash are defined by a large drainage s~s
tern that was once part of the pluvial Las Vegas River [6J. 
Our research was focused in the 18 km stretch downstream of 
the City of Las Vegas sewage treatment plant (STP) to Las 
Vegas Bay of Lake Mead. 

LAS VEGAS WASH SYSTEM 

From alleml" ( 1976 ) o I 
kilom.lerl 

mi les 

Figure 1. Sampling Site Location Map. 

The water in Las Vegas Wash is comprised of 90% 
secondarily-treated wastewater from the City of Las Vegas 
and Clark County STPs. Vegas Creek, the last natural creek 
in the Las Vegas Valley, dried up in the late 1940's [ 7J. 
Flows in the present riparian and marsh wetland have in
creased with the population of Las Vegas Valley. The Valley 
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is home to nearly one- half million permanent residents and 
host to approximately nine million tourists annually . Las 
Vegas has become one of the fastest growing urban areas in 
the United States . Concomitant with this growth has been an 
increase in wastewater discharges to Lake Mead . Total dis
charges currently average 2 . 8 m3 /sec (100 cfs) . This amount 
is twice the flow rate measured at Northshore Road in 1970 
(Figure 2) . 
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Figure 2. Historical Discharges From Las Vegas Wash . 

Increasing volumes of perennial surface water as well 
as stormwater discharges have transformed sparse desert 
shrub and mesquite woodland habitats into dense growths 
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of hydrophytic wetland vegetation dominated by Typha 
domengensis (cattail) and Phragmites communis (common reed) . 
Extensive growths of the introduced phreatophyte Tamarix 
petandra (salt cedar) border the wetland and riparian zones . 

In 1975 , a channelization program was initiated in the 
upper reach of the wash from the City and County STPs to 1 . 6 
km downstream . This man- made channelization has steadily 
decreased the extent of wetland from the 1969 to 1975 maxi 
mum of approximately 730 ha to 120 ha in 1979 . Increased 
flow velocities and unstable soils in the lower portion of 
the wetland have also facilitated increased erosion rates at 
areas known as "headcut" regions for the past 5 yr . Sediment 
transport in 1979 and 1980 was particularly large . Erosion 
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and headcutting in the lower reach of the Las Vegas Wash is 
especially prominent during flash flooding and accelerated 
erosion occurred during this study. The principal head cut 
region advanced approximately 1.5 km upstream during a 
single storm event of February 1980 Upstream progression of 
erosion has resulted in the draining of another 50 ha of 
wetland creating a riparian habitat with channel depths 
often exceeding 6 m. Present areal extent of wetland vegeta
tion is 65 ha with 6 ha of shallow (1 m deep) ponds. 

Routine collections were taken from five sample sta
tions; W1: confluence of the existing secondary sewage 
treatment plant effluents (14 km above Las Vegas Bay (LVB)); 
W2: marsh above Pabco Road (10.7 km above LVB); W3: Pabco 
Road at culverts (10 km above LVB); W4: headcut area (6.3 km 
above LVB); W5: Northshore Road (State Highway 41, 1.6 km 
above LVB) (Figure 1). U.S. Geological Survey (USGS) gaging 
stations are located at or in close proximity to Stations 
W1, W3, and W5, facilitating loading rate computations. 

Morphologically, the wash can be divided into two 
components, the Upper (above Pabco Road) and Lower (below 
Pabco Road) Wash. The stream gradient between Stations W1 
and W3 is gradual, dropping 31.7 m in 4 km. The largest 
extent of Typha occurs in this reach of stream. After 
crossing Pabco Road via culverts, waters collect in the 
previously mentioned shallow ponds. Culverts drain these 
irregularly shaped ponds, emptying into the lower, smaller 
expanse of wetland vegetation. The gradient between stations 
W3 and W5 is steeper, dropping 80 . 5 m in 8 . 4 km. The major 
inflows of salt and nitrate laden groundwater occur between 
Stations W3 and W5 [2J . 

MATERIALS AND METHODS 

These five sampling stations were monitored biweekly 
from July 1979 to December 1980. Special studies were also 
conducted to determine diurnal variations in nutrients and 
flow regimes. Over 40 sampling rounds were conducted during 
the 18 month study. 

Field measurements and sample collections were per
formed under contractual agreement between the Lake Mead 
Limnological Research Center, University of Nevada , Las 
Vegas , and Brown and Caldwell Consulting Engineers of 
Sacramento , California . Water samples were collected with a 
large plastic bucket, and subsamples were collected in 
plastic bottles and preserved on ice. Samples for soluble 
nutrient analyses were filtered through GF/C filters upon 
return to the laboratory. The samples were iced and shipped 
to the Brown and Caldwell laboratory in Emeryville , Cali
fornia for analysis. All analyses were performed as pre
scribed by U. S. EPA [8J . 
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In addition to physical and chemical measurements, 
rhodamine WT dye was introduced into segments of the wash 
during a special study to determine hydraulic retention 
time. The dye was tracked using a Turner Designs Model 10 
fluorometer , and Instrumentation Specialty Corporation 
(ISCO) automatic water samplers. 

RESULTS AND DISCUSSION 

Hydraulic retention studies performed jointly by us and 
Brown and Caldwell Consulting Engineers , during mid-Novem
ber, 1980, indicate that the wash has a short time of travel 
from the STPs to Lake Mead (Figure 3) . Channelized flows 
above and below the wetland act to increase flows, and trav
el time is less than 20 h to Lake Mead . As might be antici
pated , the greatest residence time was in the wetlands and 
ponds (1 5 h). 

LAS VEGAS WASH RETENTION TIME STUDY 
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Figure 3. Hydraulic Retention Time Within Las Vegas Wash. 

Relatively complete historical nutrient data are 
available in the USGS records for Las Vegas Wash. Summaries 
of past data indicate that some dramatic changes have oc
curred during the last 6 yr of monitoring. Nitrogen loads at 
Northshore Road have steadily increased since 1977, a 
drought year (Figure 4). Discharges of industrial wastes 
into unlined ponds, constructed in the 1940's, was discon-
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tinued in the mid-1970's. This has Led to a gradual decline 
of nitrate loads contributed by shallow groundwater aqui
fers. Ammonia, however, has steadily increased . Ammonia 
loads at Northshore Road were less than 10% of the total 
nitrogen load prior to 1977, while current levels exceed 
60%. 
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Figure 4. Historical Nitrogen Loads from Las Vegas Wash . 

As flows progress downstream into stands of cattail, 
water velocities slow and bacterial decomposition of wastes 
causes a depletion of oxygen . These anaerobic conditions 
favor denitrifying bacteria that effectively convert nitrate 
to nitrogen gas. No rate measurements are currently avail
able on this, but it appears to result in decreased nitrate 
concentrations in the upper marsh throughout the year (Fig
ure 5) . Denitrification has been generally cited as the ma
jor reason that wetlands are nitrogen traps or sinks. Ammo
nia concentrations increased slightly in this area, appar
ently due to bacterial decomposition of organic nitrogen 
compounds. 

Overall, total nitrogen concentrations (and loads) 
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decreased within the wash system . ~otal nitrogen was reduced 
by 27% between Stations W1 and W5 during the summer of 1980. 
Th is was as high as 47% removal on some occasions and aver
aged 15 . 4% during the entire study . Nitrate concentrations 
at Northshore Road increased to 12 mg/l on three occasions . 
One event on March 4 , 1980 was traced to a leaking pipe 
which transports industrial wastes to lined evaporation 
ponds in upland areas of the wash . This resulted in six to 
seven-fold increases over normal nitrate loads to Lake Mead . 
Because of these perturbations , the mean removals of nitro
gen are conservative . 

NITROGEN CONCENTRATIONS IN LAS VEGAS WASH 
JULY 7, 1919 - DECEMBER 12, 1980 (N · 41) 
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Figure 5 . Mean Concentration of Nutrients Within 
Las Vegas Wash . 
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Average nitrogen loads for various seasons are depicted 
in Figure 6 . Loads were calculated from average flows re 
corded by USGS for the day water samples were taken . There 
were net removals of total nitrogen and ammonia in the wash . 
However , there was a net contribution of nitrate , primarily 
as a result of groundwater inputs in the lower wash . The 
effects of perturbations discussed earlier can be seen in 
peaks of nitrate loads during fall of 1979 and spring of 
1980. 
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SEASONAL NITROGEN LOADS 
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Figure 6. Seasonal Nitrogen Loads to and from 
Las Vegas Wash. 

A decreasing trend in ammonia removals within the wash 
occurred during this study. There are many possible expla
nations for this. First, loadings of ammonia from the STPs 
were lower during later portions of the study. Second, storm 
events of winter 1979-1980 caused a major upstream advance
ment of erosion. Decreased removal efficiencies during lower 
loadings were also observed by Morris et ale [9J in related 
wetland studies in the Lake Tahoe Basin. They found the most 
dramatic nutrient and sediment removals occurred when loads 
were greatest. Another relevant conclusion was that one of 
the most important factors in determining the effectiveness 
of wetland treatment was the degree of sheet flows across 
the wetland. In the case of the Las Vegas Wash, channeliza
tion limits spatial and temporal contact of waters with 
wetland vegetation and, therefore, limits nutrient reducing 
capabilities. 

Goldman and Deacon [5J suggested that one mechanism 
that may be responsible for ammonia removals within the Las 
Vegas Wash is the adsorption to clay particles. These in-
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vestigators indicated 90% reductions in ammonia loading as 
measured at Northshore Road in comparison to lower (31%) 
reductions seen during this study. It is possible that ac
tive headcutting zones may be eroding strata of less clay 
content than historical head cut zones. Based on elevational 
differences between past and present headcut zones, it seems 
that this may be true. However, a more detailed analysis of 
the system is required to give a definitive answer as to 
what mechanism plays a dominant role. 

Historical phosphorus data measured at Northshore Road 
(Figure 7) indicate that recent upgrading of sewage treat
ment facilities is reducing total phosphorus loads in com
parison to previous years. Seasonal analysis of phosphorus 
(Figure 8) shows a net contribution of total phosphorus in 
the spring of 1980. This is attributable to high sediment 
discharges during active headcutting that resulted from the 
February floods. The apparent removal of dissolved phos
phorus during periods of high sediment discharge was prob
ably due to adsorption of inorganic phosphorus to sediments 
eroded from the headcutting areas. 

The results of our study can be summarized with data 
presented in Table I. Total nitrogen was reduced by an 
average of 1000 kg/day, and most of this was ammonia. How
ever, there was a net contribution of 697 kg/day of nitrate. 
Total phosphorus loads were reduced by approximately one
third, and there was a slight decrease in soluble phos
phorus . 
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Figure 7. Historical Phosphorus Loads from Las Vegas Wash. 
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SEASONAL PHOSPHORUS LOADS 

TO AND FROM LAS VEGAS WASH 
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Figure 8 . Seasonal Phosphorus Loads to and from 
Las Vegas Wash . 

Table I . Mean Loading and Removal Rates of Nutrients in Las 
Vegas Wash (as Measured at Northshore Road, 
1. 6 km from Lake r~e ad, July 23 , 1979 to December 
18 , 1980) . 

Mean Mean 
Loading Standard Removal 

Rate Error Rate 
Nutrient'" N (kg/day) (kg/day) (kg/day) 

Total nitrogen 41 3172.0 164 . 4 1001 • 1 
Nitrate 41 696 . 9 107 . 8 
Ammonia 41 1874 . 4 82 . 1 992.0 
Total phosphorus 40 539 . 6 45 . 0 156 . 9 
Soluble phosphorus 41 380 . 4 16.7 49 . 4 
*Expressed as elemental form 
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Although the wastewaters are retained within the Las 
Vegas Wash wetlands for a relativ~ly short period of time , 
this ecosystem is behaving seasonally as a nitrogen and 
phosphorus trap . This results in an improvement of the 
quality of water discharged to Lake Mead . Efficiency of 
nitrogen and phosphorus removal is a function of the loads 
entering the system and the degree of contact of waters with 
the wetland . Increasing velocities and volumes of flows have 
decreased retention time resulting in less contact time with 
the wetland . Rates of nutrient removal in the Las Vegas Wash 
as described by URS and Clark County Department of Compre
hensive Planning in 1978 [10J appear to be declining as a 
result of changes in flow regimes . Improving the efficiency 
of nutrient removal by proper management of this wetland 
appears to be feasible . Further studies should be conducted 
to elucidate specific mechanisms of nutrient removals . 
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